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Abstract
Wireless Body Area Networks (WBAN) are networks of sensors and
communicating devices placed inside or in the proximity of a human body. Their
initial and primary application is for real-time health monitoring systems to address
the ever-increasing cost of health care. Other WBAN applications have emerged,
such as in sport, entertainment, and military. To bring an international accord on the
implementation of WBAN systems, the IEEE 802.15 Task Group (TG) 6 has
released the WBAN standard, which includes both narrow bands and the ultra-wide
band (UWB) 3.1 - 10.6 GHz, namely the Impulse Radio Ultra-Wideband (IR-UWB).
The physical layer supports the maximum data rate of 15.6 Mbps on a 499 MHz
bandwidth. However, the emergence of future bandwidth hungry WBAN
applications and the need to support the deployment of a larger number of sensor
devices require a much higher data rate and energy efficient WBAN systems. In
addition, the WBAN channels are naturally very dispersive, which is a good
condition for a Multiple Input Multiple Output (MIMO) application. Therefore, the
aim of this thesis is to investigate a high speed, robust, and energy efficient adaptive
WBAN platform. Accordingly, this thesis studies the adaptive Space-TimeFrequency Coded Multi-Band Orthogonal Frequency Division Multiplexing (STFC
MB-OFDM) UWB WBAN system.
Initially, the performances of STFC MB-OFDM UWB WBAN systems are
analyzed and evaluated over UWB WBAN channels, and compared for two different
MIMO configurations. The effects of body directions due to human body
movements, i.e., the direction of the receiver placed on the surface of the body with
respect to (w.r.t) the fixed external transceiver, are also assessed. The evaluation
results show that the proposed STFC MB-OFDM UWB WBAN system provides a
significantly better BER performance than the conventional MB-OFDM UWB
system. One important observation is that their performance differs significantly in
different body directions, due to the availability of the Line-Of-Sight (LOS) path and
body shadowing. This observation inspires us to develop the adaptive modulation
and STFC coding schemes in order to improve the system performance.
A simple body direction based adaptive STFCMB-OFDM UWB WBAN system
is then proposed. This adaptive algorithm works based on the selection of a
ii

combination of digital modulation schemes (BPSK, QPSK), transmission powers,
and STFC coding rates associated with the body direction. The adaption is based on
the measured angles of the body w.r.t. the external transceiver and a simple feedback
mechanism. This direction-based adaptive WBAN system can achieve a performance
gain of 1-3 dB, compared to the non-adaptive system, while, its decoding complexity
only linearly increases with the size of signal constellations.
In order to improve the system performance further, we modify this adaptive
scheme to the Bit Error Rate (BER)-based adaptive WBAN scheme. The proposed
BER-based adaptive WBAN consists of the frame transmission model, the BERbased adaptive algorithm, and the optimization of its adaptive parameters, i.e., 𝑓 and
𝜀 factors. The frame transmission model defines the 𝑓-factor, which represents the
portion of each frame where the BER is measured and the adaptive scheme is
updated. The 𝜀-factor represents the distance between the upper and lower thresholds
of the BER metric. Our evaluations confirm that the BER-based adaptive WBAN
system significantly improves the system performance by up to 4 dB, compared to
the non-adaptive one. By optimizing its adaptive parameters, a further gain of 2 dB
can be obtained, resulting in an overall improvement of up to 6 dB over the nonadaptive one. Note that this improvement is achieved with the same decoding
complexity as the previous direction-based adaptive scheme. This improvement is
equivalent to a substantial reduction of the energy consumption in the adaptive
system by up to 75% compared to the non-adaptive WBAN system.
Maximization of the energy efficiency of this adaptive WBAN system is one of
the key design considerations and remains an open problem. Therefore, this thesis
also investigates the energy efficiency of this system by considering both the
transmission energy and the energy consumed in the circuitry. Both energies are
considered because the distance between the hub and the external transceiver is very
short, thus the circuitry energy is comparable to the transmission energy. The relation
between its energy efficiency and spectral efficiency is also considered. The energy
efficiency of the adaptive WBAN is evaluated in two different MIMO
configurations. It has been shown that the adaptive WBAN system performs
significantly better than the non-adaptive one in terms of energy efficiency in both
MIMO configurations. This energy related performance coupled with the improved
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bit error rate performance suggests that the proposed BER-based adaptive WBAN
scheme is an attractive physical layer option for a high speed WBAN platform.
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CHAPTER 1
1.1

INTRODUCTION

Background and Research Objectives

Wireless Body Area Networks (WBANs) have been one of the hot research topics
in wireless communication worldwide for the last ten years. WBAN initially
addressed the need of efficient real-time health care monitoring systems [1-5] to
tackle the excessive burden in the health services and the increasing cost of health
care provisions. Since then, many other applications, such as sport, entertainment,
and military applications [4], [6], [7], have also arisen. Research activities in
WBANs focus on narrowband technologies, for instance Medical Implant
Communication Service (MICS) [4] and [8], Wireless Medical Telemetry System
(WMTS) [9], and Human Body Communication (HBC) [2] and [4], as well as
wideband Impulse Radio Ultra-Wideband (IR-UWB) technology [4], [10], [11], [12].
Many proposals, including body centric channel measurements and modelling, have
been submitted to the established IEEE 802.15 task group 6 (TG), for example [1316] and [17-20]. To bring an international accord on the WBAN system, the IEEE
802.15 TG6 released the WBAN standard in February 2012. This WBAN standard
includes the IR-UWB wideband physical layer [21]. This standard supports the
maximum data rate of 15.6 Mbps on a 499 MHz bandwidth [21]. This wideband
UWB WBAN system is of our interest in this research.
The emergence of future bandwidth hungry WBAN applications [4] and the need
to support the deployment of a larger number of medical sensors is unavoidable. As a
consequence, these require a much higher data rate and energy efficient WBAN
system. In addition, the wideband IR-UWB based WBAN system exhibits some
shortcomings, including the expensive high frequency sampling Analog-to-Digital
Converter (ADC) due to the ultra-short impulse signal, less flexible compliance with
worldwide WBAN spectrum allocations, and the need of a high number of RAKE
fingers to exploit the rich diversity of WBAN channels [22], [23], [24]. Thus, it is
imperative to explore alternative solutions for a high speed, robust and energyefficient WBAN platform.
Research on the high speed WBAN system were very limited in the literature
during this investigation. For example, a channel characterization and system
modelling, using a high speed Orthogonal Frequency Division Multiplexing (OFDM)
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approach for WBAN application, was conducted in [25]. The performance evaluation
of UWB WBAN systems utilizing receive diversity was presented in [26], [27] and
[28]. However, these research neither considered Multiple-Input Multiple-Output
(MIMO) techniques and adaptive approaches, nor took into account the energy
efficiency issue. Naturally, WBAN environments are rich in multipath diversity due to
a large scattering of the radio propagation [13]. Therefore, a MIMO application will
be a good candidate for such wireless environment. Meanwhile, Multi-Band
Orthogonal Frequency Division Multiplexing Ultra-Wideband (MB-OFDM UWB)
technology offers a high data rate up to 1 Gbps. Besides supporting the very high
speed, the MB-OFDM UWB technique is able to turn the frequency selective fading
into the frequency flat fading, and to comply with worldwide spectrum arrangement
[23-24], [29]. A MIMO MB-OFDM UWB will provide a spatial diversity on top of
time and frequency diversities, due to Space-Time-Frequency Coding (STFC)
processing [23], [30]. This threefold diversity of a STFC MB-OFDM UWB will boost
the robustness of a WBAN implementation in a severe WBAN channel. Applications
of MIMO in combination with MB-OFDM UWB in the WBAN platform have been
almost unexplored in the literature during this research work.
Given the aforementioned background, this thesis is aimed to investigate a high
speed, robust, and energy efficient adaptive WBAN platform. The research objectives
primarily include:


Investigations of STFC MB-OFDM UWB as a physical layer of WBAN
systems,



Investigations of adaptive WBAN systems, including optimization of their
adaptive parameters, to further improve the system performance, and



Analysis of the energy efficiency of adaptive WBAN systems, to prove that the
proposed high speed WBAN system is not only robust, but is also energy
efficient.

1.2

Research Approaches
In order to achieve those objectives, the research approaches are described in

Figures 1.a and 1.b.
First of all, the literature reviews were conducted and mainly focused in the area
of interests, including WBAN, UWB technologies and standards, MIMO techniques,
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adaptive communication systems, and energy efficiency issues in wireless
communications. As a result, the open research problems and possible solutions were
identified, and became the basis for the investigations in this thesis.
The analysis of WBAN requirements and one of the outcomes of the literature
review resulted in the proposition of the STFC MB-OFDM UWB as the high speed
WBAN platform. Its system model was evaluated on IEEE’s CM3 and CM4 UWB
WBAN channels. The proposed system exhibited a varied performances, in
particular its performance on the very dispersive CM4 UWB WBAN channel
depended on the body direction towards the external fixed AP. These facts provided
the basis for the investigation of a direction-based adaptive WBAN system.
The direction-based adaptive WBAN scenario and algorithm were designed to
adapt to the unique characteristics of the IEEE’s CM4 UWB WBAN channel, i.e.
this channel model defines only four angles of body directions. Therefore, the degree
of adaptation is limited. Moreover, its performance evaluation showed modest
improvements compared to the non-adaptive one.
In order to improve the performance of the proposed adaptive WBAN system, we
conducted three investigations. Firstly, the afore-mentioned adaptive scheme was
modified to a BER-based adaptive scheme to allow more flexible adaptation. At the
same time, an extension of the original CM4 UWB WBAN channel was devised
through a mathematical interpolation. This interpolated channel provides finer
resolution, i.e. 10 resolution compared to 900 resolution of the original one, allowing
higher degree of adaptation. However, these two approaches produced modest
improvements. Thus, in order to further enhance the performance, the adaptive
parameters (i.e. f and 𝜀 factors) were optimized. As a result, significant performance
improvement could be achieved.
The last investigations addressed energy efficiency of the proposed adaptive
WBAN system. They included analysis of its total energy consumptions (by
considering both transmission energy and energy consumed in the circuitry),
optimization of the energy efficiency in a WBAN implementation, and relation
between its energy efficiency and its spectral efficiency. The results showed that the
adaptive WBAN system exhibited a high energy efficiency. This high energy
efficiency coupled with the improved BER performance indicates that the proposed
adaptive WBAN system is an attractive physical layer for WBAN applications.
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Figure 1.a The research approaches used in the thesis.
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STOP
Figure 1.b The research approaches used in the thesis (continue from Figure 1.a)
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1.3

Outline of the Thesis
This thesis focuses on the high speed adaptive WBAN platform by utilizing the

MIMO MB-OFDM UWB approach. The thesis consists of eight chapters, outlined as
follows.


Chapter 1 discusses the background and aims of this thesis, the research
approaches, the outline and key contributions of the thesis. The conference
and journal publications as the outcomes of this research are listed at the end
of this chapter.



Chapter 2 discusses the background knowledge and research activities in the
areas related to this thesis. These areas include the WBAN system, MBOFDM UWB standard, MIMO techniques, adaptive communication system,
and energy efficiency in wireless communications. The discussions of MIMO
are limited to the issues of our interest, such as two STBC coding schemes
(Alamouti and Sezginer-Sari codes), frequency flat fading MIMO channel
model, spatial diversity gain and capacity of MIMO assuming the channel
state information is only known to the receiver. Beside the background
knowledge necessary to understand the systems described in the rest of the
thesis, this chapter also identifies the open research problems to be addressed
and their possible solutions. As a result of this analysis, the STFC MBOFDM UWB technique has been proposed to be a high speed WBAN
physical layer.



Chapter 3 describes and evaluates the proposed STFC MB-OFDM UWB
WBAN system. The discussion starts with underlining the high speed WBAN
physical layer requirements, and how this proposed system is able to fit to
those requirements (part of the explanations in this regard are embedded in
Chapter 2). In this chapter, the system model with the Alamouti STFC code is
analysed in two MIMO configurations, namely 2I1O (2 transmit antenna and
1 receive antenna) and 2I2O (2 transmit antenna and 2 receive antenna). The
M-ary Phase Shift Keying (M-PSK) modulations, i.e., Binary PSK (BPSK),
Quadrature PSK (QPSK), and 8PSK, are employed to compare the system
performance for different modulation schemes. The performance evaluations
of the proposed system is conducted via simulations over the CM3 UWB
WBAN channel (representing body-to-body links) with the average number
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of multipath 𝐿̅ = 38, and over the CM4 UWB WBAN channel (representing
body-to-external links) with 𝐿̅ = 400. The former channel model is intended
to test the proposed system over the non-severe fading channel conditions,
while the latter is aimed to evaluate the system performance over an extreme
fading channel. An important discovery of the significantly different system
performance in different body directions due to the human body movements
has motivated us to propose of adaptive WBAN systems which will be
mentioned in the next chapter.


Chapter 4 proposes the direction-based adaptive WBAN system. The
adaptive algorithm is devised based on the four body directions of the
existing IEEE’s CM4 UWB WBAN channel. Since the two body directions,
i.e. 90o and 180o, generate similar performances, therefore only three sets of
adaptive schemes associated with three different body directions are defined.
Each set of adaptive schemes combines the QPSK or BPSK modulation with
STFC codes and power control in such a way that their total average spectral
density and average total power are the same as those in the non-adaptive
one, which is used as the benchmark, for a fair comparison. Here, two
orthogonal STFCs, namely the full rate Alamouti code and 3/2-rate SezginerSari code, are employed. Updating mechanism is conducted through a simple
feedback link with 2-bit angular information, which is assumed error free.
The system complexity analysis shows that the decoding complexity only
increases linearly with the signal constellation size. Performance evaluations
show a modest improvement compared to the non-adaptive one. Driven by
our aims to seek for a high speed, robust, and energy-efficient WBAN
system, refinement of this adaptive WBAN system is necessary in order to
improve further the performance.



Chapter 5 proposes the BER-based adaptive WBAN system. It includes the
adaptive scenarios and adaptive algorithms modified from the previous
direction-based adaptive algorithm. The algorithm is based on the measured
BER at the receiver as the metric for adaptation, in comparison with the two
BER thresholds prior known to the receiver, i.e., the lower and upper BER
thresholds (determinations of these thresholds will be explained in more
detail in this chapter). The distance between the upper and lower thresholds is
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defined by a so-called 𝜀-factor. The sets of adaptive schemes used in the
algorithm are the same as the previous ones (cf. Chapter 4). As in Chapter 4,
the transmitter is updated through a simple error-free feedback channel with
2-bit information. The frame transmission model is devised, which
determines the portion of the frame (𝑓-factor), where the BER is measured
and the set of the adaptive scheme is updated. Optimization of the 𝑓 and 𝜀
factors is conducted to obtain the optimal system performance. This
optimized BER-based adaptive WBAN was evaluated on the interpolated
CM4 UWB WBAN channel (c.f. Appendix A), and shows a significant
improvement of up to 6 dB better than the non-adaptive one. This is
equivalent to the achievement of 75% power reduction in the optimized
adaptive WBAN system, compared to the non-adaptive one, for a similar
error performance.


Chapter 6 analyses the energy efficiency of the optimized BER-based
adaptive system proposed in Chapter 5. Here, the energy efficiency is defined
as the ratio between total power consumption and total data rate, measured in
Total Energy per transmitted Bit (TEPB) (J/b). Due to the very short distance
between the transmitter and receiver of up to 5 m in the WBAN, the energy
consumed in the circuitry is comparable to the transmission energy consumed
in the power amplifier. When the distance is so small, the circuitry energy
consumption tends to be more dominant than the transmission energy. Thus,
the energy consumption model in this analysis considers both the
transmission energy and the energy consumption in the circuit, such as in
mixers, filters, ADC/DAC, encoder/decoder, and Low Noise Amplifier
(LNA). The energy efficiency of the adaptive WBAN system is analysed and
compared to the non-adaptive WBAN system for both 2I1O and 2I2O MIMO
configurations at a certain target symbol error rate. In addition, the relation
between the energy efficiency and spectral efficiency of such system is
analysed and compared in both MIMO configurations. The performance
evaluations show that the 2I2O adaptive WBAN system outperforms the
counterparts.



Chapter 7 provides the conclusions of the thesis and discusses our possible
future works.
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1.4

Contributions of the Thesis
The key contributions of this thesis shown in Chapter 3 to Chapter 6 are

summarized as per chapter as follow.


Chapter 3


Proposition of STFC MB-OFDM UWB as a physical layer for high speed
WBAN.



Analysis of the STFC MB-OFDM UWB system for the two MIMO
configurations, namely 2I1O and 2I2O.



Performance evaluations of the proposed STFC MB-OFDM UWB
WBAN system with three M-PSK modulation schemes, i.e. BPSK,
QPSK, and 8PSK, in the CM3 and CM4 UWB WBAN channels via
simulations. Note that, the CM3 UWB WBAN channel represents a nonsevere fading channel and the CM4 UWB WBAN channel represents an
extreme fading channel.



Investigation and analysis of the influence of body directions (due to
human body movements) to the system performances.



Discovery of the dependence of the system performance on different body
directions (the direction of the receiver placed on the surface of the body
with respect to the fixed external transceiver) due to human body
movements.

The contents of this chapter have been published as a journal paper [P2] and a
conference paper [P5].


Chapter 4


Proposition of a body direction-based adaptive WBAN system based on
the WBAN physical layer proposed in Chapter 3.



Design and implementation of the body direction-based adaptive
algorithm.



Analysis and performance evaluation of the proposed body directionbased adaptive system based on the original CM4 UWB WBAN channel
model.



Analysis of the decoding complexity of the proposed direction-based
adaptive WBAN system.
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The contributions of Chapter 4 have been published as a journal paper [P2], and a
conference paper [P6].


Chapter 5


Proposition of a BER-based adaptive WBAN system. This adaptive
scheme is a further improved version of the aforementioned directionbased adaptive WBAN system.



Proposition of the adaptive frame transmission model, specifying where
the BER metric for adaptation should be measured and when the adaptive
sets should be updated.



Design and implementation of the BER-based adaptive algorithm which
focuses on adapting the STFC coding rates, the modulation scheme and
signal constellation power based on the BER metric.



Optimization of the adaptive parameters, namely the portion of the frame
where the BER is measured and the adaptive scheme is updated (f-factor),
and the distance between the upper and lower thresholds of the BER
metric (𝜀-factor), in order to obtain an extra performance improvement
(extra power saving).



Evaluation and analysis of the performance of the BER-based adaptive
WBAN system over the interpolated CM4 UWB WBAN channel.

The contents of Chapter 5 have been published in our journal paper in [P1], and a
conference paper [P7]. Another journal paper [P3] was submitted and currently
under review for possible publication.


Chapter 6


Investigation and analysis of the energy efficiency model of the proposed
BER-based adaptive WBAN system. This includes analysis of the energy
efficiency of every set of the adaptive schemes, and analysis and
maximization of the overall energy efficiency of the adaptive WBAN
system.



Investigation and analysis of the relation between spectral efficiency and
energy efficiency of the proposed adaptive WBAN system.
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Performance evaluation of the proposed adaptive WBAN system in terms
of energy efficiency, and in terms of relation between the spectral
efficiency and energy efficiency.

The journal paper [P4] covering the content of Chapter 6 has been submitted and
is currently under the reviewing process.
1.5

Publications
The contributions of this thesis have been evidenced by the following journals

and conferences publications.
Journal Papers:
[P1] M. Sudjai, L. C. Tran, F. Safaei and S. L. Phung, “Optimal adaptive wireless
body area networks for high speed mHealth services”, W. de Gruyter Journal
on Biomedizinische Technik, vol. 59, no.s1, pp. 750-753, Oct. 2014.
[P2] M. Sudjai, L. C. Tran and F. Safaei, “Adaptive space time frequency coded
ultra-wideband system for wireless body area network”, EURASIP Journal on
Wireless Communication and Networking, vol. 2015:36, pp. 1-11, Feb. 2015.
[P3] M. Sudjai, et. al, “High speed adaptive wireless body area networks”, Accepted
for publication in EURASIP Journal on Wireless Communication and
Networking, Mar. 2016.
[P4] M. Sudjai, L. C. Tran and F. Safaei, “On the energy efficiency of adaptive
WBAN system for mHealth Services”, under review in EAI-Endorsed
Transaction on Pervasive Health and Technology, Jul. 2016.
Conference Papers:
[P5] M. Sudjai, L. C. Tran and F. Safaei, “Performance analysis of STFC MBOFDM UWB in WBAN channels”, Proc. IEEE Symposium on Personal,
Indoor, Mobile Radio Communication (PIMRC), pp. 1704-1709, Sep. 2012.
[P6] M. Sudjai, L. C. Tran and F. Safaei, “A simple adaptive STFC MB-OFDM
UWB system for WBAN applications”, Proc. IEEE International Symposium
on Communication and Information Technology (ISCIT), pp. 60-65, Sep. 2013.
[P7] M. Sudjai and L. C. Tran, “A BER based adaptive STFC MB-OFDM UWB
system for WBAN applications”, Proc. IEEE International Conference on
Communication (ICC), pp. 5681-5686, Jun. 2014.
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CHAPTER 2
2.1

LITERATURE REVIEW

Introduction

The aging society raises a serious concern in most parts of the world due to the
increasing cost of health care and provision of better health services [1-3]. The need
for more efficient real-time health monitoring systems is evident [1-3]. The lack of
flexibility and difficulties in remote monitoring systems of the existing cable
connected body sensors need to be solved. One of the intensively researched
emerging technologies to address these problems is Wireless Body Area Networks
(WBAN).
WBAN foster the advancement of personal and mobile healthcare services. It
promises an effective health monitoring system which is potentially capable of
reducing the ever-increasing healthcare cost by promoting a remote real time health
monitoring system and reducing the patients’ need to go to hospitals frequently, for
instance, for health checks and medical tests [1-5]. Moreover, WBAN are also aimed
to serve different areas of applications, including entertainment, sport and military
[1-6]. A reliable array of tiny, lightweight sensors and a robust energy-efficient
communication system are keys for the success of WBAN implementations [1-5].
The fundamental issues in WBAN designs include matters on reliability, small
size, lightweight, capacity, and energy efficiency parameters to suit their practical
implementations and health related safety issue due to its proximity to human body
[1], [2], [4]. Current and foreseeable future WBAN services require high data rates
and high quality of services [4]. The existing IEEE’s WBAN standard supports
applications with the maximum data rate of 15.6 Mbps [21]. This data rate obviously
will be insufficient to support the emerging bandwidth-hungry applications [4] and
larger deployment of high quality of service WBAN sensors. Thus, the future
WBAN platforms should be able to provide higher capacity than the current IEEE’s
WBAN standard to cope with such demand. With the aim of achieving this goal, this
thesis investigates and proposes an optimized adaptive Space-Time-Frequency
Coding Multi-Band Orthogonal Frequency Division Multiplexing Ultra-Wideband
(STFC MB-OFDM UWB) WBAN system as an alternative for a high speed WBAN
physical layer.
In order to provide a basic understanding of the system described in the thesis,
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this chapter explains several issues as follows. Section 2.2 overviews WBAN
systems. A brief summary of the MB-OFDM UWB system and standard is given in
Section 2.3. Multiple-Input Multiple-Output (MIMO) techniques as a core in our
proposed WBAN physical layer are described in Section 2.4. Section 2.5 presents the
basic concept of a general adaptive communication system, while Section 2.6
discusses the energy efficiency principles which will be an important part of our later
analysis in this thesis. Finally, Section 2.7 presents a conclusion and research
problems addressed in this thesis.
2.2

Wireless Body Area Networks

Figure 2.1 Communication links between WBAN nodes (reproduced from [13]).
WBAN is a network of sensors or communicating devices placed in, on, or off the
body. The devices could be implantable and wearable ones. Basically, three types of
nodes are defined as follows [7], [13], [21]


Implant node: A node that is placed inside the human body. This could be
immediately below the skin or deeper inside the body tissue.



Body surface node: A node that is placed on the surface of the human skin or
at most 2 cm away.



External node: A node that is not in contact with human skin (between a few
cm and up to 5 m away from the body).

The possible communication links are between implant to implant nodes, implant
to on-body nodes, implant to external nodes, on-body to on-body nodes, and on-body
to external nodes as shown in Figure 2.1. The links are unique because of the radio
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signal propagation through the body tissues or the surface of the body [31], [32],
[33]. Different characteristics of layers of body tissues as well as the skin itself cause
different radio propagation behaviors [25], [34-42], particularly in terms of path
losses due to body’s attenuation and power delay profile as summarized in [13]. The
characterization of body centric radio channels has been measured extensively, for
instance in [14-16] and [33-42]. It is important to note that due to closeness to or
within the body, Specific Absorption Rate (SAR), i.e. the amount of electromagnetic
radiation power per kg body weight should be considered in the design and
implementation of WBAN [2], [4], [13].
2.2.1

Overview of History and Frequency Allocations of Wireless Body Area
Networks

There have been active engagements in the WBAN research in recent years [1-4],
[6], [41], [43-45]. Numerous research publications and proposals of WBAN have
been put forward. For example, Arnon, et.al conducted a comparative study of
wireless communication networks for medical applications in 2003 [44]. Various
other developments of WBAN, including the descriptions of many implantable and
wearable sensors, physical and Medium Access Control (MAC) layers, and network
architectures are provided in survey papers such as [1-5], [19]. In addition, body
centric radio propagation measurement campaigns and WBAN channel modelling
have been robustly fostering research activities on WBAN technologies and
standards [17-19], [21]. Many proposals have been submitted to the IEEE 802.15
committee [21]. In order to harmonize the development of WBAN, IEEE set up the
Technical Group 6 (TG6) within 802.15 to standardize the WBAN in November
2007, which started its operations in January 2008.
The IEEE 802.15 TG.6 is responsible for the development of WBAN standards
for applications such as medical, consumer electronics, personal entertainment and
others. To incorporate efforts on a global standard of WBAN, the IEEE TG.15.6
published a WBAN standard in February 2012 [21]. This standard supports
applications with the data rate of few kbps to maximum 15.6 Mbps on a 499 MHz
bandwidth [21]. Meanwhile, WiMedia Alliance offers an alternative technology, i.e.
Multi-Band Orthogonal Frequency Division Multiplexing Ultra-Wideband (MBOFDM UWB), that may be better for a high speed WBAN platform with slightly
higher complexity compared to Impulse Radio (IR)-UWB WBAN [29]. It allows
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very high data rate applications up to 1 Gbps on a 528 MHz bandwidth, thus
potentially supporting a foreseeable future of bandwidth-hungry services. The
advantages and disadvantages of the MB-OFDM UWB compared to IR-UWB will
be discussed in Sub-section 2.2.3.
2.2.1.1 Frequency bands available for WBAN applications
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Figure 2.2 Worldwide frequency allocation for WBAN (reproduced from [4]).
Figure 2.2 shows some available bands currently allocated for WBAN
applications worldwide. These frequency allocations accommodate not only the
IEEE 802.15.6 standard, but also other WBAN technologies. Some technologies
such as Medical Implant Communication Service (MICS) [8] and Wireless Medical
Telemetry System (WMTS) [9] are already in operation before the release of the
IEEE WBAN standard. Both technologies cater exclusively for body-worn and
implant medical communication services. MICS operates on 401-406 MHz [8] with
the maximum data rate of 400 kbps and is available particularly in Japan. The
implant devices such as cardiac pacemaker, implant defibrillator and neurostimulator can be supported by the MICS [4]. WMTS operates on several bands as
shown in Figure 2.2 [9], and offers the maximum data rate of 1 Mbps, allowing
applications such as camera-endoscope pill [4]. WMTS bands are available in Japan,
North America, Europe, and Australia. Human Body Communication (HBC) uses the
human body as a communication medium, and it is a part of the IEEE WBAN
standard. It operates on 5 - 50 MHz [4], [21]. The unlicensed Industrial, Scientific,
and Medical (ISM) bands may be utilized for WBAN applications. However, these
ISM bands are occupied by many existing applications. Therefore, it must be
considered very carefully for WBAN applications due to the co-existence issue. The
UWB band from 3.1 – 10.6 GHz offer higher data rate and challenging option due to
its rich diversity wideband channel. By regulation [46], it operates on a bandwidth
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more than 500 MHz with the power spectral density less than -41.25 dBm/MHz. The
current IEEE WBAN standard includes the IR-UWB technology with the maximum
data rate of 15.6 Mbps. However, it is possible to exploit another UWB technology,
i.e. MB-OFDM UWB [29], for a higher speed WBAN physical layer.
2.2.1.2 WBAN Applications
WBAN opens up numerous potential applications, not only for healthcare
services, but also for sport, entertainment and military applications [1-5]. Recent
efforts focus more on healthcare monitoring systems and treatments because WBAN
can potentially streamline real-time health checks and reduce the excessive burden of
the healthcare in many developing countries [1-5].
Table 2.1 Some medical applications in the healthcare monitoring system.
Applications

Bit rate

Required
BER

Glucose level monitor

< 1 kbps

< 10-10

Drug delivery

<16 kbps

< 10-10

EEG

86.4 kbps

< 10-10

Voice

50-100 kbps

< 10-3

ECG

192 kbps

< 10-10

< 320 kbps

< 10-10

Capsule endoscope

1 Mbps

< 10-10

Audio streaming

1 Mbps

< 10-5

EMG

1.536 Mbps

< 10-10

Video streaming

< 10 Mbps

< 10-3

128-Channel Neural

> 10 Mbps

N.A

Deep brain stimulation

Recording System

Sensors and actuators are key components of a WBAN application. They may be
placed on the human body or implanted inside the body. Accordingly, their size and
physical compatibility to human tissues are crucial. With WBAN sensors attached to
the patients’ body, their health conditions potentially can be monitored continuously
without even going to the hospital in many cases. Numerous applications are
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explained in many survey papers such as [1-5] and [7]. Summary of some
applications with the associated sensor requirements are presented in Table 2.1.
2.2.2

Architecture of Wireless Body Area Networks

The basic configuration of WBAN can be seen in Figure 2.1. It consists of one or
several hubs and nodes of sensors and communicating devices. A hub acts as the
coordinator and concentrator of the traffic from the WBAN sensor nodes, and may
deliver the collected data to the external access point, such as the doctor’s remote
terminals. Sensor nodes are placed in the intended location on-body or inside the
body where they are aimed to measure the health parameters. The hub may be placed
on torso, belt, wrist, or off-body bedside.
Sensors

Tier-1 Comm

Tier-2 Comm

Tier-3 Comm

EEG
Ear Sensor
Blood
Presure
ECG

Comm.
Network

Internet

HU
B

Motion
sensor

Sensor
Design

AP

HUB

EMG

Intra-BAN
Communication

Emergency
Service

Doctor s PC

Gateway

Inter-BAN
Communication

Beyond-BAN
Communication

Figure 2.3 WBAN architectures (reproduced from [1]).
One of the possible WBAN communication architecture is depicted in Figure 2.3.
This WBAN architectures may have different topologies such as star, tree, and mesh
topologies. Basically it is comprised of 4 segments, namely the in- and on-body
sensor devices that monitor physiological conditions of the body or other specific
purposes, and 3 tiers of communication systems. The communication systems consist
of intra-WBAN, inter-WBAN, and beyond-WBAN communications. The tier-1
intra-WBAN communication is defined as communication up to two meters around
the human body, which can be further sub-categorized into communications between
body sensors, and communications between body sensors and the hub to collect the
data.
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The tier-2 inter-WBAN communication is outlined as the links between sensor
nodes to/from one or several Access Points (AP). AP may be the existing Wireless
Local Area Networks (WLAN), cellular infrastructure or ad hoc networks deployed
on emergency or special purposes. Further, the links could be extended to the tier-3
which connects the inter-WBAN with the external networks, allowing connection
between a WBAN and worldwide communication clouds. This thesis focuses on the
tier-1 and tier-2, particularly it considers the communication links between sensors
and the hub, as well as between the hub (as the concentrator of data from various
sensors) and the external access point.
2.2.3

Physical Layers of IEEE’s WBAN Standard

The IEEE 806.15 TG6 has released the WBAN standard in February 2012 [21].
Prior to this standard, IEEE also released the WBAN channel models that defined
four different channel conditions, namely Channel Model 1 (CM1) to Channel Model
4 (CM4) [13]. The WBAN communication layer architecture consists of one
common Medium Access Control (MAC) layer and three different Physical (PHY)
layers [21]. Those are Narrow Band (NB), Human Body Communication (HBC), and
Ultra-Wideband (UWB) physical layer.
Narrow band physical layer is designed for wearable and implantable medical
applications. It includes MICS bands for implantable devices and the other bands
including WMTS for wearable devices [21].

NB PHY
Medium Access
Control
(MAC)

HBC PHY
UWB PHY

Figure 2.4 The IEEE WBAN communication layer architecture.
HBC physical layer employs electrode in contact with the body for transmitting or
receiving the signal through the body by means of electromagnetic coupling. It is
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designed to exchange data between devices by body-to-body touching. It operates on
a 21 MHz bandwidth and provides data rates of 164 kbps, 328 kbps, 656 kbps, and
1.3125 Mbps. However, its effectiveness depends on the size of the coil, and the data
rate is low [21].
UWB physical layer is based on Impulse Radio (IR)-UWB and wideband
Frequency Modulation (FM)-UWB. FM-UWB employs a combination of
Continuous Phase-Gaussian Frequency Shift Keying (CP-GFSK) and a wideband
FM modulation. FM-UWB provides the data rate of 202.2 kbps [21]. In addition, two
modes of FM-UWB operations have been defined, i.e. default mode and high Quality
of Service (QoS) mode [21]. The default mode is used for both medical and nonmedical applications. While the high QoS mode is used for high priority medical
applications. Meanwhile, IR-UWB operates on the UWB band and has 11 channels
with a 499.2 MHz bandwidth for each channel. This UWB technology utilizes either
a single pulse or a burst of pulses for transmission per information symbol.
Moreover,

IR-UWB

employs

either

On-Off

signaling

or

a

Differential

Binary/Quadrature Phase Shift Keying (DBPSK/DQPSK) modulation. The data rates
vary from 394.8 kbps to 12.636 Mbps and from 487 kbps to maximum of 15.6 Mbps
for the On-Off signaling and the DBPSK/DQPSK modulation, respectively [21]. The
advantage of the IR-UWB is that it requires a relatively simple radio design [10],
[22], [47], [48]. However, this single carrier IR-UWB technology exhibits some
shortcomings, such as:


The complexity for processing the ultrashort impulse signal of the Radio
Frequency (RF) and the Analog circuit design including high speed Analog to
Digital Converter (ADC), which requires very high sampling rate, is high
[22-24]. These constraints become an impediment in the implementations.



The worldwide WBAN spectrum allocations are different from one country
or region to the other region as described in Figure 2.2. Thus, operating with
a single carrier in such a wide bandwidth offers less flexibility in compliance
with this worldwide spectrum management [24].



The IR-UWB receiver requires a high number of RAKE fingers to capture
significant number of multipath signals, in order to gain from a rich diversity
of the WBAN channel [23-24]. As a result, the overall transceiver complexity
increases.
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Even though this IR-UWB WBAN standard has been considered sufficient to
support current medical applications, the maximum data rate of 15.6 Mbps of
this technology will make it difficult to cope with the future growth of
bandwidth-hungry services such as multimedia applications. For example, a
single 128-Channel Neural Recording System requires data rate more than 10
Mbps (c.f. Table 2.1). Thus, it is impossible for the IR-UWB WBAN
technology to support multiple 128-Channel Neural recording applications, or
to support this application simultaneously with other high data rate
applications, such as EMG and video streaming (c.f. Table 2.1). The IRUWB WBAN is also considered inadequate to support the deployment of a
larger number of WBAN sensors for multi-purpose applications at the same
time.



The IR-UWB WBAN does not support a full frequency duplex
communication (transmission on one band and reception on another band).
The full frequency duplex communication could be useful for cooperative
communication in WBAN, because it offers time delay reduction leading to
increase energy efficiency [49-50].

With regard to these considerations and given the drawbacks of IR-UWB
implementation mentioned previously, it is essential to explore other alternative
physical layers for robust high speed WBAN applications. It is worth to mention, that
the disadvantages of the IR-UWB technology are the advantages of the other UWB
technology called MB-OFDM UWB. That means the MB-OFDM UWB technology
provides favorable properties, as opposite to the IR-UWB’s shortcomings. The only
drawback of this MB-OFDM UWB is that the transmitter is slightly more complex
because it requires an IFFT, and the peak-to-average ratio (PAPR) may be slightly
higher than that of the IR-UWB approaches [22]. However, the investigation in [137]
found, that the performance of the MB-OFDM UWB scheme was better than the IRUWB scheme at the same 𝐸𝑏 ⁄𝑁0 [137]. Therefore, in this thesis we use the MBOFDM UWB for high speed WBAN platform and is described in Section 2.3.
2.2.4

WBAN Chanel Measurement Campaigns and the IEEE 802.15.6 WBAN
Channel Models

Radio propagation in, on, and surrounding a human body is greatly affected by the
environment, posture, activities, and human tissues [13], [32-42]. Numerous
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measurement campaigns on body centric propagations have been conducted to
characterize the body centric channel, including UWB channels in the frequency
bands of 3.1 – 10.6 GHz. For example, Takada, et.al showed that the body centric
channel varies according to the type of antennas, the position and orientation of
antennas with respect to the body, the posture and motion of the body, and the
variation of the human body itself [33]. Wang, et.al suggested that the body
shadowing is a prominent factor in short-range body-centric communications [34].
The effect of locations of on-body devices, body size as well as the movement of the
body was investigated in [35–40]. Finally, the IEEE 802.15 TG6 in [13] has
summarized and proposed four channel models CM1–CM4 for WBAN applications,
which comprise seven implementation scenarios, i.e. from Scenario 1 (S1) to
Scenario 7 (S7). These channel models aim for the performance evaluation of the
physical layers from various proposals and measurement campaigns.

Figure 2.5 Communication links and channel models in the WBAN.
The channel models are drawn basically from three possible types of nodes,
namely implant nodes, body surface nodes and external nodes. Figure 2.5 shows the
possible communication links between nodes and the channel model definition, i.e.
CM1 – CM4. CM1 defines an implant-to-implant link (S1) operating in the MICS
band only (402-405 MHz). CM2 determines implant-to-body surface (S2) and
implant-to-external (S3) links, operating in the same band as CM1. CM3 defines a
body surface-to-body surface link for both Line of Sight (LOS) (S4) and Non-Line of
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Sight (NLOS) (S5) scenarios. CM3 is intended to operate in seven different bands,
including the UWB band (3.1 – 10.6 GHz). CM4 determines a body surface-toexternal link for both LOS (S6) and NLOS (S7). It is applied to three different
frequency bands, including the UWB band. CM4 also takes into consideration the
body direction (or direction of the transceiver placed on the body) toward a fix
external access point as a result of the movement of the body. Due to our focus on
the UWB WBAN system, we will only consider CM3 and CM4 of the UWB band in
this thesis. Yet, to get a clearer view of the differences between those channel
models, a brief review of CM1 and CM2 characteristics is also included in this
literature review.
2.2.4.1 Channel Model 1 (CM1)
The in-body propagation characteristics are modelled by a 3-D human body
model through simulation [13]. This channel modelling is applied to both CM1 and
CM2. The path loss model 𝑃𝐿 is fitted to the log-normal shadowing model, and
expressed as
𝑑

𝑃𝐿(𝑑) = 𝑃𝐿(𝑑𝑜 ) + 10𝑛 log10 (𝑑 ) + 𝑆

(2.1)

𝑜

where 𝑛 is the path loss exponent, 𝑆~𝒩(0, 𝜎𝑆2 ) and 𝑑 is distance (𝑑𝑜 = 50𝑚𝑚).
The CM1 parameters are listed as follow
Table 2.2 CM1 parameters [13]
Implant-to-implant

𝑃𝐿(𝑑𝑜 ) (𝑑𝐵)

𝑛

𝜎𝑆 (𝑑𝐵)

Deep tissue

35.04

6.26

8.18

Near Surface

40.94

4.99

9.05

2.2.4.2 Channel Model 2 (CM2)
The implant-to-body surface channel model is characterized by the parameters in
Table 2.3. The propagation characteristics of the implant-to-external (S3) link can be
considered as the combination between the path loss model of the implant-to-body
surface (S2) link and the body surface to external node (CM4).
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Table 2.3 CM2 parameters [13]
implant-to-body surface

𝑃𝐿(𝑑𝑜 ) (𝑑𝐵)

𝑛

𝜎𝑆 (𝑑𝐵)

Deep tissue

47.14

4.26

7.85

Near Surface

49.81

4.22

6.81

2.2.4.3 Channel Model 3 (CM3)
The CM3 for the UWB band is derived from a measurement campaign in a
hospital room environment [13], [15-16]. The channel response is characterized by a
Power Delay Profile (PDP) as follow
𝐿−1

ℎ(𝑡) = ∑ 𝑎𝑙 exp(𝑗ϕ𝑙 ) 𝛿(𝑡 − 𝑡𝑙 )

(2.2)

𝑙=0

where

10𝑙𝑜𝑔10 |𝑎𝑙 |2 = {

0,

𝑙=0

𝑡𝑙
𝛾0 + 10𝑙𝑜𝑔10 (exp (− )) + 𝑆
Γ

𝑙≠0

and 𝑝(𝑡𝑙 |𝑡𝑙−1) = 𝜆 exp(−𝜆(𝑡𝑙 − 𝑡𝑙−1 )); 𝑝(𝐿) =

𝐿̅L exp(𝐿̅ )
𝐿!

. 𝑎𝑙 is the path amplitude,

𝑡𝑙 is the path arrival time, and 𝜙𝑙 is the phase for the 𝑙-th path, respectively. 𝜙𝑙 is
assumed to have an uniform distribution over [0, 2). 𝐿 is the number of the arrival
paths and 𝐿̅ is the average number of arrival paths. 𝛿(𝑡) is the Dirac function, Γ is an
exponential decay with a Rician factor 𝛾0 , 𝑆 is a normally distributed random
variable with zero-mean and standard deviation of 𝜎𝑆 , and 𝜆 is the path arrival rate.
The parameters of CM3 are presented in Table 2.4.
Table 2.4 Parameters of CM3

𝑎𝑙
𝑡𝑙
𝐿

𝛾0

-4.60 dB

Γ

59.7

𝜎𝑆

5.02 dB

1⁄
𝜆
𝐿̅

1.85 ns
38.1
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2.2.4.4 Channel Model 4 (CM4)
The CM4 model is based on office environment measurements where the transmit
antenna is fixed near to the wall, while the receive antenna is placed on body and
varied for different positions [13-16]. The effects of body movements and
ground/wall reflections are considered in the measurements. The channel model
assumed a single cluster power delay profile with a K-factor. The channel parameters
were derived from the analysis of the statistical data and were extracted for each
body direction. The CM4 UWB WBAN determines different propagation channels
for four discrete body directions, namely 00 , 900 , 1800 , and 2700 [13], [16].
The CM4 UWB WBAN channel response is characterized by the following power
delay profile [13]
𝐿−1

ℎ(𝑡) = ∑ 𝛼𝑚 𝛿(𝑡 − 𝜏𝑚 )

(2.3)

𝑚=0

where

𝜏m

|𝛼𝑚 |2 = Ωo e− Γ −𝑘[1−𝛿(𝑚)] 𝛽
𝑘 = ∆𝑘(

𝑙𝑛10
)
10

𝛽~ log normal(0, 𝜎)
𝜏𝑜 = 𝑑/𝑐
where ℎ(𝑡) is a complex impulse response, 𝛼𝑚 is the amplitude of each path, 𝜏𝑚 is
the timing of path arrivals for 𝑚 = 1, … , 𝐿 − 1, which is modelled as a Poisson
random process with the arrival rate 𝜆 = 1/(0.501251 𝑛𝑠). 𝐿 is the number of
arrival paths modelled as a Poisson random variable with the mean value 𝐿̅ of 400. Γ
is an exponential decay factor, Ω𝑜 is the path loss with a standard deviation 𝜎, and 𝑘
is the K-factor of NLOS paths, and ∆𝑘 is the 𝑘 value measured in dB. 𝑑 is the
distance between the transmitter and receiver, and 𝑐 is the velocity of light.
The CM4 UWB WBAN channel parameters depend on the body directions
toward the transmit antenna as shown in Table 2.5.
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Table 2.5 Properties of CM4 UWB WBAN channel model [13]
BODY

(ns)

k (k (dB))

 (dB)

00

44.6364

5.111(22.2)

7.30

900

54.2868

4.348(18.8)

7.08

1800

53.4186

3.638(15.8)

7.03

2700

83.9635

3.983(17.3)

7.19

DIRECTION

2.3

MB-OFDM UWB

The UWB considered here is based on the MB-OFDM UWB Physical layer
specification released by WiMedia Alliance [29]. In this thesis, we use this UWB
technology as the high speed WBAN physical layer in a combination with a MIMO
system due to several reasons. First, it supports the maximum data rate of 1 Gbps
[29], thus it fulfils our aim to develop a platform for a high speed WBAN
applications. This MB-OFDM UWB technology also offers a simple realization by a
Fast Fourier Transform (FFT)/Inverse FFT (IFFT) implementation [23-24], [29].
Moreover, the MB-OFDM UWB allows the information to be processed in a much
smaller bandwidth leading to a threefold advantages, namely it turns the frequency
selective fading into the frequency flat fading, as well as reducing the sampling rate
of the ADC, and eventually the overall system complexity [24]. Another important
feature is it is more flexible in the spectrum management by turning on and off
several tones or channels, hence improving worldwide compliance [24]. Given these
advantages, this thesis aims to propose some adaptive modulation and STFC coding
schemes to further enhance the error performance and energy efficiency of the
MIMO MB-OFDM-based WBAN. However, comparison between IR-UWB and
MB-OFDM UWB in terms of hardware complexity, performance and energy
efficiency are out of the scope of this thesis, which might be our future works.
The subsections below review some of its fundamental characteristics, in order to
provide readers with the background of the STFC MB-OFDM UWB WBAN PHY
layer. It also provides the basis for the analysis of our proposed techniques in the
following chapters.
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2.3.1

Frequency Band Arrangement and Multiple Access Scheme

The WiMedia’s MB-OFDM UWB system operates in the unlicensed 3.1 – 10.6
GHz UWB band regulated by the FCC Part 15 [29], [46]. The 7.5 GHz bandwidth is
divided into 14 sub-bands each with a 528 MHz bandwidth, which are grouped into
four 3 sub-bands and one 2 sub-bands, called band groups, as shown in Figure 2.6.
The sixth band group is consisted of one sub-band of the third band group and two
sub-bands of the fourth band group. This spectrum arrangement is consistent with the
worldwide spectrum regulations [29]. The frequency center 𝑓𝑐 of each sub-band is
defined by
𝑓𝑐 = 2904 + 528 × 𝑛𝑏 (MHz)

(2.4)

where 𝑛𝑏 = 1,2, … 14 is the sub-band number or BAND_ID.
2.3.1.1 Multiple Access Scheme
The channelization to separate logical channels to allow multiple accesses for a
number of users is determined by using 6 different Time-Frequency Codes (TFC) to
interleave coded data over up to three frequency bands (i.e. a band group). TFC also
provides time and frequency diversity to the system [23], [30]. The band groups are
arranged as shown in Figure 2.6 [29].

Figure 2.6 Band group arrangement (reproduced from [29]).
Three types of TFC are specified. Those are the Time-Frequency Interleaving
(TFI) where the coded information is interleaved over three bands, referred to as TFI;
the TFI where the coded information is interleaved over two bands, referred to as
two-band TFI or TFI2; and the Fixed Frequency Interleaving (FFI) where the coded
information is transmitted on a single band. Support for TFI, TFI2 and FFI shall be
mandatory.
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Within the first four and the sixth band groups, four TFCs using TFI and three
TFCs using each of TFI2 and FFI are defined, thereby, providing support for up to
ten channels in each band group. For the fifth band group, two TFCs using FFI and
one using TFI2 are defined. For the sixth band group, the FFI channels and one of
the TFI2 channels overlap fully with channels in the third and fourth band groups.
Not all channels are designed to be mutually orthogonal. Thus, total 53 channels are
specified in the standard [29].
2.3.1.2 Multi-Band Transmission
One example of the realization of multi-band transmission using band group #1 is
depicted in Figure 2.7. The first symbol is transmitted on Band#1 (𝑓𝑐 = 3432 MHz),
the second symbol is transmitted on Band #2, the third symbol on Band #3, resulting
in TFC {123123}. It can be seen that each symbol consists of an OFDM symbol (the
output of IFFT) appended by a Zero Padded Suffix (ZPS). The ZPS has two
functions, namely to mitigate the multipath effect, and to provide a time window to
allow the transceiver to switch between different center frequencies [23], [30].

3168

Band no.1
3696

Band no.2
4224

Band no.3
4752

Freq. (MHz)

OFDM
ZPS
symbol

Time

Symbol
Figure 2.7 Example of multi-band transmission realization by using three bands.

2.3.2

MB-OFDM Signal Model

The structure of a MB-OFDM UWB transceiver is generally similar to the
conventional OFDM, except that it operates on multiband frequencies to interleave
the transmitted symbols. One of the examples of the MB-OFDM UWB transceiver
structure is depicted in Figure 2.8 [30].
At the transmitter, the data (bit stream) is convolutionally encoded and interleaved
before symbol mapping by a modulator, e.g. QPSK. The stream of modulated
symbols is divided by a serial-to-parallel converter into 𝑁𝐷 parallel series of data
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symbols. The pilot symbols and symbols for the guard band are inserted to the data
series, and all together are modulated by IFFT to generate an OFDM symbol. Then,
the ZPS (37 samples in the case of MB-OFDM UWB [29]) is appended to the end of
the OFDM block before transmission. So, the actual transmitted symbol is the
OFDM symbol plus ZPS. In the receiver, the inverse process takes place. Firstly, the
ZPS is removed by an Overlap-And-Add Operation (OAAO), followed by the
OFDM demodulation via FFT. The symbols from different subcarriers are combined
by a parallel-to-serial converter and demodulated into a bit stream by a Demodulator,
which will be then de-interleaved and decoded to retrieve the transmitted data.

IFFT & Zero TX
1
Padding

d(n) Convolutional
Encoding &
Interleaver

Symbol
Mapping

..

S/
P

IFFT & Zero M
Padding

OAAO & FFT

đ(n)

Convolutional
Decoding &
De-Interleaver

Symbol
De-Mapping

RX
1

P/
S
OAAO & FFT

N

Figure 2.8 The block diagram of MB-OFDM UWB transceiver.
The OFDM symbol has 𝑁𝑓𝑓𝑡 subcarriers which consist of 𝑁𝐷 data subcarriers, 𝑁𝑃
pilot subcarriers, and 𝑁𝐺 subcarriers to provide guard intervals between sub-bands.
In the MB-OFDM standard, 6 subcarriers are set to null, and the rest is set for data,
pilots, and guard bands as shown in Table 2.5. Denote 𝑑𝑘 (𝑛) as a complex symbol
transmitted during the 𝑘-th OFDM symbol in the 𝑛-th subcarrier. 𝑑𝑘 (𝑛) may
comprise of data, pilot, and guard symbols. The base band equivalent OFDM symbol
is given by [23]
𝑁𝑓𝑓𝑡 −1

𝑥𝑘 (𝑡) = ∑ 𝑑𝑘 (𝑛)𝑒 (𝑗2𝜋𝑛∆𝑓𝑡)
𝑛=0

28

(2.5)

where ∆𝑓 = 𝐵/𝑁𝑓𝑓𝑡 is the frequency spacing between subcarriers. Thus, an OFDM
1

symbol has the duration of 𝑇𝑓𝑓𝑡 = ∆𝑓. The ZPS with symbol duration of 𝑇𝑍𝑃𝑆 is
appended to the end of the OFDM symbol. Therefore, the actual transmitted OFDM
symbol duration is 𝑇𝑆𝑦𝑚 = 𝑇𝑓𝑓𝑡 + 𝑇𝑍𝑃𝑆 , and the corresponding symbol rate 𝑅𝑆𝑦𝑚
equal to

1
𝑇𝑆𝑦𝑚

. The complex baseband signal 𝑥𝑘 (𝑡) is modulated by the carrier 𝑓𝑘

associated with the occupied sub-band during the 𝑘-th OFDM symbol. Thus, the RF
OFDM signal is given by
𝑠(𝑡) = ∑ 𝑅𝑒{𝑥𝑘 (𝑡 − 𝑘𝑇𝑆𝑦𝑚 )𝑒 (𝑗2𝜋𝑓𝑘𝑡) }

(2.6)

𝑘

The MB-OFDM UWB main parameters are described in Table 2.6.
Table 2.6 Parameters of MB-OFDM UWB [29]
Parameter

Value

Sampling Frequency (fs)

528 MHz

𝑁𝑓𝑓𝑡 , total number of sub-carriers

128

𝑁𝐷 , number of data subcarriers

100

𝑁𝑃 , number of defined pilot carriers

12

𝑁𝐺 , number of guard carriers

10

Number of total subcarriers used

122

∆𝑓, subcarrier frequency spacing

4.125 MHz (= 528
MHz/128)
242.42 ns (1/∆𝑓)

𝑇𝑓𝑓𝑡 , IFFT/FFT period
𝑁𝑍𝑃𝑆 , number of samples in zero-padded
suffix
𝑇𝑍𝑃𝑆 , ZPS duration
𝑇𝑆𝑦𝑚 , symbol duration
𝑅𝑆𝑦𝑚 , symbol rate
𝑁𝑆𝑦𝑚 , total number of samples per
symbol
2.3.3

37
70.08 ns (= 37/528 MHz)
312.5 ns (𝑇𝑓𝑓𝑡 + 𝑇𝑍𝑃𝑆 )
3.2 MHz
165 (𝑁𝑓𝑓𝑡 + 𝑁𝑍𝑃𝑆 )

Data Rate-dependent Schemes

The mandatory data rates are 53.3, 106.7, and 200 Mb/s using convolutional
encoding, and the optional data rates are 320, 400, 480, 640, 800, 960 and 1024 Mb/s
[29]. Frequency-domain spreading, time-domain spreading, modulation and forward
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error correction (FEC) coding are used to vary the data rates. The QPSK, Dual
Carrier Modulation (DCM), and Modified-DCM (MDCM) are used as modulation
techniques. QPSK modulation is used for the data rate 200 Mbps and lower, while
DCM is used for the data rate 320, 400, and 480 Mbps. For the data rates 640 Mb/s
and higher, the MDCM scheme is used. The FEC with rates of 1/3, 1/2, 5/8, 3/4, and
4/5 is used by employing convolutional encoding alone or combined with Low
Density Parity Check (LDPC) encoding. Both frequency and time spreading are used
for the data rates of 53.3, and 80, whereas the data rate of 106.7, 160 and 200 Mbps
only use time-domain spreading. No spreading is used for the data rate higher than
200 Mbps. For a full detail of these data rate-dependent schemes, reader may refer to
[29].
2.4

MIMO Technique

Current and foreseeable future wireless communication services show insatiable
demand for high data rates and high quality of services. Meanwhile, the bandwidth
and power as the fundamental backbone of any kind of communication systems are
both limited due to their scarce natural resource and strict regulations worldwide. In
addition, fierce competitions among telecommunication operators dictate an ever
increasing price of frequency spectrum. Bandwidth becomes very expensive and very
limited. On the other hand, strict regulations including health related issues, device
limitations, and interference and capacity issues limit stringently the transmit power.
The time and frequency diversity has long been exploited extensively in order to
achieve these goals, i.e. increasing the capacity and the reliability of the link.
However, these techniques are considered to be limited [51-55]. Thus, researchers
turn to the spatial domain processing to further improve the capacity and link quality
through MIMO techniques.
The MIMO techniques use multiple transmit and receive antennas to improve the
system performance, or to increase the capacity of a wireless system [51-52], [5657]. The core scheme in the MIMO techniques is the Space-Time Coding (STC). The
improvement in the system performance can be achieved through spatial diversity
[54], [55], [58] and the capacity enhancement can be obtained through spatial
multiplexing [51], [59], [60]. Several breakthroughs in the spatial diversity MIMO
research have been provided, e.g. by Wittneben who constructed the delay diversity
in 1991 [51], [57]. The first attempt in the development of STC was done by Winters
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and Seshadri in 1994 [52], [57]. The key formulation of STC was provided by
Tarokh, et.al [54] in 1998 by proposing a space-time trellis coding (STTC), then
followed by the publication of the space-time block coding (STBC) or famously
called the Alamouti scheme by S. Alamouti [55] in 1998, which make the MIMO
techniques both practical and commercially viable. The invention of the Alamouti
scheme spurs the adoption of the MIMO technology by telecommunication industries
worldwide in the following years, e.g. CDMA2000 standard, 3GPP and WiMAX
[61-66].
The breakthrough in the spatial multiplexing MIMO research occurred a little bit
earlier. The first attempt to show the capacity gain of the MIMO was proposed by
Winters in 1987 [51], [52]. The groundbreaking results in spatial multiplexing
techniques were provided by Paulraj and Kailath in 1994 [51], [52].The fundamental
MIMO capacity analysis was provided by Telatar [51], [52] in 1995, and Foschini
[52] in 1995. The practical implementation of this spatial multiplexing was fostered
by the invention of Bell Lab Layered Space-Time (BLAST) transceiver architecture
by Foschini in 1996 [67].
The gradual development from a single-input single-output (SISO) technique to
the MIMO technology can be seen in the Figure 2.9. The SISO consists of only one
transmit antenna and one receive antenna, provide no spatial diversity. The singleinput multiple-output (SIMO) comprises of a transmit antenna and 𝑁-receive
antennas, providing a spatial diversity to the receiver. On the contrary, the multipleinput single-output (MISO) consists of 𝑀-transmit antennas and a single receive
antenna, providing spatial diversity to the transmitter, but not to the receiver. The
MIMO with 𝑀-transmit antennas and 𝑁-receive antennas is actually an
amalgamation of SIMO and MISO, which is capable to provide the spatial diversity
in both transmitter and receiver. With this capability, great performance
improvement, particularly in the Signal to Noise Ratio (SNR) or bit error rate, can be
achieved. This improvement is called spatial diversity gain.
Spatial diversity gain allows the receiver to mitigate the channel fading, which is a
common impediment in wireless communication systems, without extra power,
bandwidth and time slot allocation. It is possible due to a multiple of (ideally
independent) copies of transmitted signals in time, frequency, and space can be
extracted by the receiver from different multipath channels. The number of
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independent copies of transmitted signals is called diversity order. With the increased
number of transmitted signal copies, the probability of catching at least one of the
transmitted signal free from or less affected by the fading increases, hence improving
the quality and reliability of signal reception at the receiver. A 𝑀 × 𝑁 MIMO system
potentially provides a spatial diversity order of 𝑀𝑁 [51], [56].
In addition to the spatial diversity gain, MIMO offers three other benefits,
including array gain, spatial multiplexing gain, and interference reduction and
avoidance [56], [57], [68]. In this research, we mainly focus on the spatial diversity
gain and array gain of the MIMO. Array gain is resulted from the combining effect
of the received signals in the receiver due to the antenna array. It increases the
received signal SNR, hence improving the range and coverage of a wireless
communication system.
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Figure 2.9 Different configurations of a general MIMO system.
A typical block diagram of an equivalent baseband MIMO wireless
communication system is depicted in Figure 2.10 [68]. The bits are coded and
interleaved to provide some degree of resistance against noise and interference on the
channel, then converted into symbols by the modulator. The symbols are split by a
space-time encoder to output one or several spatial data streams. These data streams
are mapped into transmit antennas by a space-time pre-coder which works according
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to a certain algorithm or signal structure. At the receiver, the inverse process takes
place, where the received signals are processed in the space-time domain, space-time
decoded, demodulated, then de-interleaved and decoded to extract the original
transmitted signals, with some possible errors.
1
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Figure 2.10 Typical block diagram of a MIMO communication system with Mtransmit antennas and N-receive antennas (reproduced from [68]).
2.4.1

Space Time Coding

Space time coding is the core scheme in a MIMO system. It provides both spatial
and time diversities to a communication system. Tarokh, et.al [54], [70-71] devised a
mathematical process to design a STC based on the rank criterion and the
determinant criterion. Readers may refer to those references and [68] for more
details. Two STC which guarantee a full diversity order are Space Time Trellis
Coding (STTC) and Space Time Block Coding (STBC) [54-55], [58], [72]. Both
have a diversity order of 𝑀𝑁, but have no capacity gain (the space-time coding rate,
defined as number of symbols per time slot, 𝑅𝑠 = 1).
In this research, we attempt to explore a simple-but- practical STC scheme to be
employed in the WBAN system. The computational complexity of STTC
encoding/decoding increases exponentially with the number of states [54], [68],
hence, we focus only on the STBC which has simpler and linear decoding processes
at the receiver. Particularly, we are interested in the Alamouti scheme for a full
diversity and coding rate of 1 [55], and in the Sezginer-Sari scheme [58] with a
higher rate but lower performance compared to the Alamouti’s due to their relatively
simple decoding processes.
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2.4.1.1 Alamouti Scheme
Figure 2.11 shows an Alamouti scheme or code [55]. In this scheme, two
consecutive symbols 𝑥1 and 𝑥2 are fed to two transmit antennas, TX1 and TX2 , at the
same time slot TS1 . The following time slot TS2 , the conjugations of these symbols,
−𝑥2∗ and 𝑥1∗ , are sent to TX1 and TX2 . Thus, two symbols are effectively transmitted
per two time slots. Hence the STC rate is 𝑅𝑠 = 1. The signal structure of the
Alamouti code is given by

STBC

Symbols
[𝑥1 𝑥2 ] in

1

𝑇𝑆1

𝑇𝑆2

𝐴𝑛𝑡.1

𝑥1

−𝑥2∗

𝐴𝑛𝑡.2

𝑥2

𝑥1∗

1

TX

RX
2

N
MIMO

Figure 2.11 Alamouti Scheme [55]
𝑥
𝐗=[ 1
𝑥2

−𝑥2∗
]
𝑥1∗

(2.7)

This structure is an orthogonal matrix. Thus, it only requires scalar linear
maximum likelihood (ML) detection at the receiver. A thorough signal analysis and
ML detection have been presented in [66]. Our works are based on the full rate STFC
MB-OFDM UWB WBAN, which is in turn based on this Alamouti scheme, as
presented in Chapters 3.
2.4.1.2 High Rate Sezginer-Sari Scheme
Sezginer and Sari in [58] proposed a full diversity 2 × 2 STBC for a higher rate.
The code structure is given by
𝑎𝑥1 +
𝐗=
𝑎𝑥2 +

[

𝑏𝑥3
√2
𝑏𝑥3
√2
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− (𝑐𝑥2∗ +
𝑐𝑥1∗

+

𝑑𝑥3∗

√2
𝑑𝑥3∗
√2

)
(2.8)
]

where a, b, c, and d are complex-valued design parameters. It creates a complex
combination of symbols from two out of three different symbols 𝑥1 , 𝑥2 and 𝑥3 to be
fed to two transmit antennas in two consecutive time slots. Given the aforementioned
ST coding rate definition, this STBC effectively generates a coding rate of 3/2. The
signal analysis and detection mechanism have been presented in [58]. It was also
shown in [58] that this STBC only require a linear ML detection. However, the
penalty in terms of BER performance is 3.8 dB lower than the Alamouti scheme for
QPSK [58]. Due to its higher rate and relatively simple signal detection, this STBC
will be included in the design of our proposed adaptive STFC MB-OFDM UWB
WBAN as described in Chapters 4 and 5.
2.4.2

MIMO Channel Model

The MIMO channel model has been explained in numerous publications, e.g. [5152], [55-58] and [73]. For example, a concise review on the MIMO technology,
including the channel models, is provided in [51] and [52].
Our focus in this research is how to implement the MIMO technique in the
WBAN channels. Two issues arise from this purpose. First of all, naturally the
simple MIMO technique works well in narrowband channels, i.e. in the frequency
flat fading channels [55], [58], [72]. On the contrary, WBAN employ several
frequency bands, including Ultra-wideband (UWB) channel [21] which is of our
interest. Therefore, we will combine the MIMO scheme with the MB-OFDM UWB
technology in order to ensure that the OFDM symbol carried by each subcarrier will
experience frequency flat fading in the MIMO channels. Note that a subcarrier
bandwidth 𝐵 should not exceed the channel coherence bandwidth 𝐵𝑐 , 𝐵 < 𝐵𝑐 .
Therefore, our discussion will focus on the frequency flat fading MIMO channels.
The MIMO MB-OFDM UWB WBAN effectively provides a space-time-frequency
diversity, hence it is called STFC MB-OFDM UWB WBAN, and is explained in
detail in Chapter 3. Furthermore, a MIMO implementation in the WBAN system
requires as low complexity and power consumption as possible, as mentioned
previously. Thus, we focus on the open loop MIMO system, i.e. a MIMO system
without a feedback channel. This implies that the knowledge of channel state
information (CSI) is only required at the receiver. As a result, throughout this thesis,
the discussion on the MIMO channel implementation will be restricted to the
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frequency flat fading channels, assuming the receiver has perfect knowledge of the
channels.
Refer to Figure 2.9, let ℎ(𝜏, 𝑡) be the time varying channel impulse response, and
𝑥(𝑡) be the transmitted signal. The received signal of the SISO 𝑟(𝑡) is given by
𝜏𝑇𝑜𝑡

𝑟(𝑡) = ∫

ℎ(𝜏, 𝑡) 𝑥(𝑡 − 𝜏)𝑑𝜏 = ℎ(𝜏, 𝑡) ⋆ 𝑥(𝑡)

(2.9)

0

where (⋆) denote a convolutional operation, and 𝜏 𝑇𝑜𝑡 is the total delay. Both transmit
and receive signals are narrow band signals. The 1 × 𝑁 SIMO system can be
perceived consisting of 𝑁 SISO channels. The channel impulse responses between
the transmit and receive antennas may be characterized by a vector 𝒉(𝜏, 𝑡) with a
𝑁 × 1 dimension, where
𝒉(𝜏, 𝑡) = [ℎ1 (𝜏, 𝑡) ℎ2 (𝜏, 𝑡) … ℎ𝑁 (𝜏, 𝑡)]𝑇

(2.10)

Thus, the received signal can be expressed as
𝒓(𝑡) = 𝒉(𝜏, 𝑡) ⋆ 𝑥(𝑡)

(2.11)

Analogously to the SIMO channel, a 𝑀 × 1 MISO system comprises of 𝑀 SISO
links, with the transmit antennas emit 𝒙(𝑡) = [𝑥1 (𝑡) 𝑥2 (𝑡) … 𝑥𝑀 (𝑡)]𝑇 . Thus, the
channel impulse response of the MISO can be presented as a 1 × 𝑀 vector 𝒉(𝜏, 𝑡)
𝒉(𝜏, 𝑡) = [ℎ1 (𝜏, 𝑡) ℎ2 (𝜏, 𝑡) … ℎ𝑀 (𝜏, 𝑡)]

(2.12)

The received signal is given by
𝑟(𝑡) = 𝒉(𝜏, 𝑡) ⋆ 𝒙(𝑡)

(2.13)

where 𝒙(𝑡) is a 𝑀 × 1 vector of the transmitted signals.
A 𝑀 × 𝑁 MIMO system can be considered as a combination of SIMO and MISO
as mentioned earlier. Thus, the channel impulse response between the 𝑗-th transmit
antenna (𝑗 = 1, 2, … 𝑀), and the 𝑖-th receive antenna (𝑖 = 1, 2, … 𝑁) is presented as a
𝑀 × 𝑁 matrix 𝐇(𝜏, 𝑡)
ℎ1,1 (𝜏, 𝑡) ℎ1,2 (𝜏, 𝑡)
⋮
𝐇(𝜏, 𝑡) = [
ℎ𝑁,1 (𝜏, 𝑡) ℎ𝑁,2 (𝜏, 𝑡)
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⋯
⋱
⋯

ℎ1,𝑀 (𝜏, 𝑡)
⋮
]
ℎ𝑁,𝑀 (𝜏, 𝑡)

(2.14)

In the frequency flat fading, we assume that a channel coefficient between two
consecutive symbols is unchanged [51], [56], so we can drop the time index, and the
channel matrix becomes
ℎ1,1 ℎ1,2
⋮
𝐇=[
ℎ𝑁,1 ℎ𝑁,2

⋯
⋱
⋯

ℎ1,𝑀
⋮ ]
ℎ𝑁,𝑀

(2.15)

We can model 𝐇 as a zero mean circularly symmetric complex Gaussian (ZMCSCG)
channel, hence 𝐇 = 𝐇𝒘 , the independent and identically distributed (i.i.d) or
spatially white channel [56], [68]. The main properties of 𝐇𝒘 are summarized as
follow [56]
𝐸{[𝐇𝒘 ]𝑖,𝑗 } = 0,

(2.16)

2

𝐸 {|[𝐇𝒘 ]𝑖,𝑗 | } = 1,
𝐸{[𝐇𝒘 ]𝑖,𝑗 [𝐇𝒘 ]∗𝑚,𝑛 } = 0,

(2.17)
𝑖𝑓 𝑖 ≠ 𝑚 𝑜𝑟 𝑗 ≠ 𝑛

(2.18)

Then, the received signal in the MIMO system may be expressed as
𝒓= 𝐇⋆𝒙+𝒏

(2.19)

Let us represent the signal of Eq. (2.18) as a sampled signal, which is sampled at
the time instant 𝑡 = 𝑘𝑇𝑠 + Δ, where 𝑘 = (1,2, … ) and Δ is the sampling delay. The
frequency response of the flat fading channel is 𝐇(𝑘) = 0 for 𝑘 ≠ 0 [56], and
𝐇(0) = 𝐇. Since the output signal is independent of the input signal at any time
instant, we can drop the time index 𝑘. If the energy of the transmitted signal is 𝐸𝑠 and
equally distributed in 𝑀 transmit antennas, hence the input-output relation in Eq.
(2.18) is simplified to [56]
𝐸𝑠
𝒓 = √ 𝐇𝒙 + 𝒏
𝑀

(2.20)

where the noise component 𝒏 of the 𝑀 × 𝑁 MIMO is a 𝑁 × 1 spatio-temporal white
ZMCSCG noise vector with variance 𝑁0 in each dimension, and 𝐸{𝒏𝑖 𝑛𝑗∗ } = 0, which
means the additive noise is uncorrelated across the diversity branches [56], [68].
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2.4.3

Diversity Gain of a MIMO System

Let us assume the receiver employs a Maximal Ratio Combining (MRC)
technique [55]. With the perfect channel knowledge at the receiver, the output of the
MRC receiver is a combination of signals from 𝐿 different links and can be
expressed as [55], [55], [74]
𝐿

𝑧 = ∑|ℎ𝑖∗ |𝑟𝑖

(2.21)

𝑖=1

where |ℎ𝑖∗ | is the absolute value of the channel coefficient in the 𝑖-th branch, 𝐿 is the
number of diversity branches, and 𝑖 = 1, … , 𝐿.
The post-processing Signal to Noise Ratio (SNR) 𝜂 at the output of MRC is given
by
𝐿

1
𝜂 = ∑|ℎ𝑖 |2 𝜌
𝐿

(2.22)

𝑖=1

𝜌 is the SNR at the receive antenna of a SISO link. By using a maximum likelihood
(ML) detector, it has been shown in [56] and [74] that the probability of symbol
errors or Symbol Error Rate (SER) is given by

̅𝑒 𝑄 (√
𝑃𝑒 = 𝑁

2
𝜂𝑑𝑚𝑖𝑛
)
2

(2.23)

̅𝑒 and 𝑑𝑚𝑖𝑛 are the number of the nearest neighbours of the signal
where 𝑁
constellation and the minimum distance of the signal constellation, respectively. By
applying a Chernoff bound, i.e. 𝑄(𝑥) ≤ 𝑒 −

̅𝑒 𝑒
𝑃𝑒 ≤ 𝑁

𝑥 2⁄
2,

the SER is upper bounded by

−(∑𝐿𝑖=1|ℎ𝑖 |2

2
𝜌𝑑𝑚𝑖𝑛
)
4𝐿

(2.24)

The average SER is provided as follow [56]
𝐿

̅𝑒 ∏
𝑃̅𝑒 = 𝐸{𝑃𝑒 } ≤ 𝑁
𝑖=1
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1
2
𝜌𝑑𝑚𝑖𝑛
1 + 4𝐿

(2.25)

To have a clearer picture about the diversity gain introduced by the MIMO
system, let us compare the SIMO, MISO, and MIMO cases by using an Alamouti
code. In this analysis, 𝐇 = 𝐇𝒘 , i.e. the channel matrix is spatially white.
2.4.3.1 SIMO
SIMO has one transmit antenna and 𝑁 receive antennas as shown in Figure 2.9.
Thus, the number of links is equal to 𝑁 (in this analysis 𝑁 = 2). In other words, it
has the diversity order of 𝑁. Since, the average of SNR at the output MRC detector is
𝜂̅ = 𝐸{‖𝒉‖2𝐹 }𝜌

(2.26)

and 𝐸{‖𝒉‖2𝐹 } = 𝑁, the average SER is upper bounded by
𝑁

̅𝑒 ∏
𝑃̅𝑒 = 𝐸{𝑃𝑒 } ≤ 𝑁
𝑖=1

1
𝜌𝑑 2
1 + 4𝑚𝑖𝑛

(2.27)

In addition, Eq. (2.26) shows that the SIMO generates an array gain of 10 log10 𝑁
dB (3 dB in this case). This additional gain increases its capability to combat noise
and interference, thus improving the link quality.
2.4.3.2 MISO
In contrast to SIMO, MISO has 𝑀 transmit antenna and only one receive antenna.
Hence, MISO has a transmit diversity order of 𝑀 (in this analysis 𝑀 = 2). Here,
again, we assume the channel knowledge is known at the receiver only. Because the
transmission power per symbol in each MISO antenna is half of that in the SIMO
system, to guarantee a fair comparison, thus the average SNR at the output of MRC
detector is [56]
𝐸{‖𝒉‖2𝐹 }
𝜂̅ =
𝜌
2

(2.28)

and 𝐸{‖𝒉‖2𝐹 } = 𝑀 = 2 in the case of Alamouti scheme. Therefore, the average SER
is upper bounded by
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𝑀

̅𝑒 ∏
𝑃̅𝑒 = 𝐸{𝑃𝑒 } ≤ 𝑁
𝑖=1

1
2
𝜌𝑑𝑚𝑖𝑛
1 + 4𝑀

(2.29)

The MISO has no array gain as shown in the Eq. (2.28), hence its SER
performance is inferior to the SIMO.
2.4.3.3 MIMO
As can be seen in Figure 2.9, a 𝑀 × 𝑁 MIMO system can be considered as a
combination of 𝑀 × 𝑁 SISO links. In the case of both 𝑀 and 𝑁 are equal to 2, the
𝐸{‖𝒉‖2𝐹 } = 𝑀 × 𝑁 = 4 [56], thus the average SNR at the MRC detector output is
𝐸{‖𝒉‖2𝐹 }
𝜂̅ =
𝜌 = 2𝜌
2

(2.30)

Array gain

Diversity gain

Figure 2.12 Performance of SIMO, MISO, and MIMO systems compared to the
SISO channel in spatially white channel (𝐇 = 𝐇𝒘 ) employing an Alamouti scheme,
and a rate of 2 bps/Hz.
Hence, the MIMO average SER is upper bounded by
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𝑀×𝑁

̅𝑒 ∏
𝑃̅𝑒 = 𝐸{𝑃𝑒 } ≤ 𝑁
𝑖=1

1
2
𝜌𝑑𝑚𝑖𝑛
1 + 4𝑁

(2.31)

From (2.31) and (2.30), it can be inferred that MIMO system offers a diversity
gain in the order of 𝑀 × 𝑁, in this case 4, and an array gain of 10 log10 𝑁, in this
case is 3 dB, which is the same as the array gain introduced by SIMO.
Figure 2.12 shows the advantage of MIMO over SIMO and MISO for a fixed rate,
𝑅 = 2 bps/Hz. The diversity gain is manifested as an increasing magnitude of the
slope of the SER curve, while the array gain is represented as the shift of the SER
curve to the left [56]. The slope of the SER curve of the 2 × 2 MIMO decreases by
factor of 2−4 if SNR increases by 3 dB, compared to the SIMO (𝑁 = 2) in which
only decreases by a factor of 2−2 . This is because the MIMO in this case has twice
diversity order than the 1 × 2 SIMO. The MIMO has the same array gain with the
SIMO, due to the same number of 𝑁-receive antennas. The MISO performs worst
among the three because it has no array gain compared to a 3 dB array gain of SIMO.
However, MISO still performs better than SISO due to the diversity order of an order
of 𝑀 (SIMO has the same diversity order in this case).
2.4.4

Capacity of a MIMO System

Numerous publications have explored the capacity of a MIMO system. Apart
from the ingenious analysis of the MIMO capacity by Foschini [73] and Telatar [75],
several books rigorously explain this issue such as [56], [57], [68]. For clarity, here
we will briefly summarize the capacity of MIMO, assuming that 𝐇 = 𝐇𝒘 and
channel knowledge is perfectly known only at the receiver. Readers may refer to
those references for more in-depth analysis regarding to this issue.
2.4.4.1 Capacity of SIMO
The normalized capacity of a 1 × 𝑁 SIMO channel, under the above assumptions,
is [56]
𝐶𝑆𝐼𝑀𝑂 = log 2 (1 +

𝐸𝑠
𝐸{‖𝒉‖2𝐹 })
𝑁𝑜

(2.32)

as mentioned previously, 𝐸{‖𝒉‖2𝐹 } = 𝑁. Therefore, the normalized capacity becomes
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𝐶𝑆𝐼𝑀𝑂 = log 2 (1 +

𝐸𝑠
𝑁)
𝑁𝑜

(2.33)

Thus, adding the receiver antennas in SIMO channels only increase its capacity
logarithmically.
2.4.4.2 Capacity of MISO
In the 𝑀 × 1 MISO system, the transmission power is equally distributed among
𝑀 antennas, i.e.

𝐸𝑠⁄
𝑀. Hence, its normalized capacity is given by [56]
𝐶𝑀𝐼𝑆𝑂 = log 2 (1 +

𝐸𝑠
𝐸{‖𝒉‖2𝐹 })
𝑀𝑁𝑜

(2.34)

Figure 2.13 Capacity of SIMO, MISO, and MIMO systems in spatially white
channels (𝐇 = 𝐇𝒘 ) employing the Alamouti scheme (CSI is known only to the
receiver).
as 𝐸{‖𝒉‖2𝐹 } = 𝑀, the normalized capacity becomes
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𝐶𝑀𝐼𝑆𝑂 = log 2 (1 +

𝐸𝑠
)
𝑁𝑜

(2.35)

Note that 𝐶𝑀𝐼𝑆𝑂 is equal to the capacity of SISO link (Shannon’s capacity), and
𝐶𝑀𝐼𝑆𝑂 < 𝐶𝑆𝐼𝑀𝑂 .
2.4.4.3 Capacity of MIMO
For an orthogonal MIMO channel, such as in the case of the Alamouti and
Sezginer-Sari schemes, the capacity of the MIMO system is min{M,N} multiplied by
the capacity of the SISO channel [56], namely
𝐶𝑀𝐼𝑀𝑂 = 𝑚𝑖𝑛{𝑀. 𝑁}log 2 (1 +

𝐸𝑠
)
𝑁𝑜

(2.36)

The capacity of a 2 × 1 MISO channel is fundamentally the same as the capacity
of SISO channel. From Figure 2.13 it can be seen that the 2 × 2 MIMO system offers
double capacity compared to the capacity of a SISO, while a 1 × 2 SIMO system has
diminishing capacity advantage over MISO when SNR gets higher.
2.4.5

Pros and Cons of MIMO Implementations in WBAN

The big issue in the WBAN design is how to provide highly reliable
communication links between WBAN sensors, the hub and Wireless Access Point
(WAP). The other important issue is how to support high data rate WBAN services
to anticipate the foreseeable bandwidth hungry WBAN applications in the future.
Current IEEE WBAN standard supports the maximum data rate of 15.6 Mbps [21].
With the advent of new health and other WBAN related services, such as
entertainment and military, the need to have a high speed WBAN system is
unavoidable [4], [7].
WBAN channels are rich in scattering which are ideal for MIMO
implementations. MIMO system requires sufficient spacing between antennas, i.e.
spacing between antennas should be equal or greater than the coherence distance.
The coherence distance ensures decorrelation between neighboring channels,
allowing the receiver to extract independent copies of transmitted signals, thus
improving of the system performance. In a rich scattering environment, the
coherence distance is equal to /2 [68]. Thus, in the frequency operation below 1
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GHz, it is apparently impractical to implement the MIMO scheme in on-body sensors
and the hub. However, in the higher frequency operation, such as in the MB-OFDM
UWB system (center frequency of the sub-bands is between 3.4 GHz – 10.3 GHz, or
the corresponding wavelength is  ≃ 3 cm – 9 cm) it is possible to implement the
MIMO scheme, especially for the external link between the hub and the WAP (or in
CM4). The above wavelength requires minimum antenna spacing of only 1.5 cm –
4.5 cm, which is feasible to deploy in the on-body devices, including in the hub.
With the advance of microstrip/patch antenna technologies, it is possible to
manufacture small size WBAN MIMO antennas. However, due to strict health
regulations, particularly in relation to the implant devices and human tissues [4],
[21], implementations of MIMO antennas in the implant WBAN devices seem
unlikely at the moment.
One of the earlier attempts to design and conduct measurements of a receive
diversity technique for UWB WBAN was carried out by Chen, et.al in 2009 [27].
They exploited the antennas of individual WBAN sensors to form a cooperative
communication system. The authors have shown promising results in terms of
diversity gain in the frequency of 5 GHz. Another measurement of a receive diversity
scheme, using two receive antennas in a narrowband WBAN system, was conducted
by Liu, et.al in 2011 at the frequency of 2.47 GHz [28]. This measurement showed a
significant performance improvement due to the diversity gain in the NLOS link, but
showed no effect in the LOS link. Similar measurements, but with a larger number of
receive antenna, and comparable performance results, were presented by Abbasi,
et.al in 2011 [26]. However, none of these measurement campaigns consider
employing a MIMO system. Thus, in this thesis, we investigate the use of MIMO
techniques in the WBAN system to improve the reliability of such systems.
Utilization of MIMO systems in WBAN somewhat increases the complexity in
both the computation and circuitry of the WBAN devices. Considering this fact, we
limit our research on the external link (or CM4) only, where the hub concentrates all
the traffic from WBAN sensors and conveys the traffic to the external WAP. In
addition, the hub is commonly powered by the batteries that require a non-invasive
replacement. Given these constraints, we not only address the reliability of the
WBAN system, but also the energy efficiency of the proposed WBAN system.
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2.5

Adaptive Communication Systems

Adaptive techniques have been explored in numerous works for various
applications, including OFDM and MB-OFDM UWB, for instance in [76-86]. The
basic principle of adaptive techniques is to vary the transmit parameters, such as
constellation size, power, coding rate/ coding scheme or any combination of these
factors according to the instantaneous channel quality in order to obtain higher
capacity without sacrificing the BER and wasting the power [79], [83], [84]. Thus,
for example, when the channel quality is good (exhibit high SNR), a higher order
modulation and a higher rate coding scheme can be used to generate a temporary
higher capacity. When the channel experiences deep fading, a more robust lower
modulation level and a lower coding rate in combination with power control are
employed to combat the effect of fading. With regard to this adaptive system, it is
also possible to prioritize the better system performance in terms of BER for specific
applications, such as WBAN, given the capacity is not strictly limited, for instance in
our proposed WBAN physical layer (see Chapters 4 and 5).

Bits in

Adaptive
Modulation
and Coding
𝐺 (𝑡)

Power
Control

TX x(t)

Demodulation
and Decoding

Bits out

r(t) RX
G(t)

Channel
Estimator

𝐺 (𝑡)

Figure 2.14 Adaptive communication system block diagram.
The general block diagram of an adaptive communication system is described in
Figure 2.14. 𝑥(𝑡) is the transmitted signal, and 𝑟(𝑡) is the received signal. The
channel estimator predicts the channel parameters resulting in 𝐺(𝑡) associated with a
set of the constellation size, coding rate, or power control step. The channel gain
𝐺(𝑡) is fed back to the transmitter via a feedback channel and also to the receiver to
instruct those devices to use the same modulation level, coding scheme, or power
control in the next data transmission round. The ideal adaptive communication
requires perfect channel estimation at the receiver, and an error-free feedback
channel to the transmitter. If the feedback channel is assumed error free, the
estimated channel gain 𝐺 (t) is equal to 𝐺(t) [79]. However, in the real world, this is
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difficult to achieve due to channel estimation errors and the delay in the feedback
channel [84].
One of the early works on adaptive modulation for individual subcarriers of an
OFDM system is [76]. It used a BER metric for controlling adaptive selection.
However, it only considered adaptive modulation without transmit power control and
it did not exploit the diversity of MIMO channels. Keller and Hanzo investigated
adaptive OFDM with the focus on the trade-off between performance and throughput
[77]. They also provided a number of adaptive OFDM techniques and their
performances [78]. Those works mainly focused on gaining a balance between
performance and throughput by employing a limited number of modulation schemes,
i.e. BPSK, QPSK, and 16-QAM, without taking advantage of channel diversity
through MIMO system. The authors in [79] examined a unified adaptive modulation
scheme for a general communication system where the data rate, transmitted power,
and instantaneous BER were varied to maximize spectral efficiency. A cross layer
adaptive modulation scheme to minimize the transmission energy in wireless sensor
networks was proposed in [86]. However, an adaptive modulation and coding
scheme for the MIMO WBAN physical layer has not been examined in the literature.
Therefore, in this thesis we focus on developing adaptive systems for the proposed
STFC MB-OFDM UWB WBAN system.
2.6

Energy Efficiency of a Communication Systems

Traditionally, energy efficiency of a wireless communication system considers
only the transmit power required to radiate the signals toward the receiver. It is due
to the long distance between the transmitter and the receiver resulting in a negligible
amount of power dissipated in the circuitry of both transmitter and receiver,
compared the transmit power level [86], [90]. The advent of short range
communication systems, such as Wireless Sensor Networks (WSN) and WBAN,
means that the traditional approach is no longer valid. The energy consumption of
the circuitry of such systems may be comparable to the transmission energy. In some
cases, particularly when the distance between the transmitter and the receiver is very
small, the energy consumed in the circuitry is more dominant than the energy
required to transmit the signals [87], [88].
Energy efficiency plays a pivotal role in the WBAN design considerations. The
WBAN devices are principally small and operated by batteries. Battery replacement,
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while possible, is difficult and expensive particularly for the implant devices. As a
consequence, minimization of the energy consumption in the WBAN implementation
is imperative.
The energy efficiency may be measured by the total energy consumption to
transmit the message per bit (TEPB), or the number of bits transmitted per joule of
total energy consumed in the system (NBPE) [88]. The lower TEPB (or higher
NBPE) represents better energy efficiency of a communication system. In the case of
short range communication systems, the total energy consumption to transmit a data
rate 𝑅 consists of the energy consumed in the circuitry of both transmitter and
receiver 𝑃𝐶 , and the total RF transmission power 𝑃𝑃𝐴 . The circuitry power consists of
the rate-independent power consumption 𝑃, e.g. the power consumed in the
transceiver’s components such as mixer, filter, and ADC/DAC, and the ratedependent power consumption in encoders and decoders 𝑃(𝑅). Thus, the total power
consumption is given by
𝑃𝑇𝑜𝑡 = 𝑃𝐶 + 𝑃𝑃𝐴

(2.37)

where
𝑃𝐶 = 𝑃 + 𝑃(𝑅), and
𝜉
𝑃𝑃𝐴 = ( ⁄𝜂) × 𝑃𝑇
where 𝜉 is the peak-to-average power ratio (PAPR), 𝜂 is the drain efficiency of the
power amplifier, and 𝑃𝑇 is the average transmission power. If the maximum data rate
𝑅 is equal to the product of the spectral efficiency of the communication system Γ
and the system bandwidth 𝐵, the energy efficiency in terms of TEPB is then defined
as
𝐸𝐸 =

𝑃𝑇𝑜𝑡
Γ𝐵

𝐽𝑜𝑢𝑙𝑒
(
)
𝑏𝑖𝑡

(2.38)

From Eq.(2.38), note that the energy efficiency is inversely proportional to the
spectral efficiency of a communication system. If 𝑃𝑇𝑜𝑡 is constant, improving one
metric will result in decreasing the other. Thus, the trade-off between these two
contrasting parameters is important in the design considerations, given which
priorities on the design parameters should be weighted. Readers interested in the
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deep analysis of the relation between the optimum energy efficiency and spectral
efficiency in several different channel scenarios may refer to [88].
Numerous efforts to minimize energy consumptions, hence improving energy
efficiency, have been recently proposed for wireless communication systems,
including wireless sensor networks [86-87], [89-91], and WBAN [49-50], [92-96].
For instance, an effort to take advantage of a rich diversity of multipath fading
channel was investigated in [87]. It proposed an energy consumption model of
MIMO and cooperative MIMO wireless sensor networks that took into account
power consumed in both transmission and circuitry. A cross layer adaptive
modulation for reducing the transmission energy in wireless sensor networks was
proposed in [86]. In [88] a general model was proposed to optimize energy efficiency
and spectral efficiency over a flat-fading channel. It considered all power consumed
in transmission and circuitry including rate-dependent circuit power. However, it did
not take into consideration a frequency selective fading. Authors in [89] investigated
the modulation strategy to minimize the total energy consumption required, given
throughput and delay requirements as the constraints. Amin, et.al proposed a multiobjective optimization between energy efficiency and spectral efficiency of an
adaptive power loading problem in a general OFDM system [90]. However, the
performance resulted from this optimization was sensitive to channel estimator
errors. Authors in [91] investigated the energy efficiency of a per-subcarrier antenna
selection of MIMO OFDM systems with linear scaling. They utilized a data
allocation strategy and a peak power reduction to optimize the trade-off between
energy efficiency and capacity.
The energy efficiency issue in WBAN communication systems has been covered
by many researchers. For instance, the energy efficiency and reliability of a wireless
biomedical implant system were evaluated in [92] in order to introduce an
augmentation protocol for the physical layer of the medical implant communication
service standard for implant WBAN nodes. Authors in [49] investigated an energyefﬁcient cooperative relay selection scheme for ultra-wideband WBANs. However,
this scheme was not suitable for all distances and relay positions. The problem of
optimal power allocation with the constraint of a targeted outage probability in a
cooperative WBAN was examined in [50]. This work also considered the impact of
postures and movements of a human body on the performance. Authors in [93]
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proposed an energy efficient WBAN by selecting the appropriate sensors to activate
based on some knowledge about the disorders to detect. Authors in [94] proposed an
energy efficient MAC protocol designed by a flexible bandwidth allocation to
improve a node’s energy efficiency. However, it did not provide a detail energy
analysis including energy consumed in transmission and circuitry. The energyefficient TDMA-based MAC protocol for WBAN considering a static or fixed
topology of the network is investigated in [95]. Nonetheless, it did not consider the
movement of WBAN nodes, including the body directions toward external access
points. In [96], energy-aware WBAN network design models was proposed by
adopting a routing and relay positioning mechanism to achieve higher energy
efficiency and a lower installation cost.
All above approaches do not consider body movements in the very dispersive
CM4 UWB WBAN channel. Also the rich diversity of WBAN channels has not been
utilized for energy consumption reduction through an adaptive MIMO WBAN
approach. In addition, analysis and maximization of the energy efficiency of the
proposed adaptive WBAN system, while maintaining a satisfactory level of
performance, have not been found in the literature. Thus, this thesis addresses these
problems in order to demonstrate that the proposed adaptive WBAN scheme is not
only capable of providing an improved bit error performance, but also possesses
better energy efficiency, compared to the non-adaptive one. These features are vital
for enhancing a WBAN network’s lifetime while maintaining a good level of service
quality.
2.7

Conclusions and Research Problems Investigated in the Thesis

The aforementioned literature review shows that there are open and challenging
problems in providing an alternative for a high speed WBAN physical layer.
Previous studies, including the IEEE standard, mostly focus on the IR-UWB WBAN
system in addition to the Narrow-Band WBAN and HBC. This standard offers
limited data rates up to 15.6 Mbps. Meanwhile, a higher speed WBAN platform is
hardly exploited in the literature. Thus, this thesis focuses on the investigation of the
technologies which are possible to achieve those goals.
From the above descriptions, several research problems and possible solutions are
identified as follow
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The UWB WBAN physical layer requires a robust, power efficient, and
higher speed data rate than the current IR-UWB based standard to deliver an
effective WBAN services. The WBAN physical layer also should be flexible
to comply with different worldwide spectrum arrangements as mentioned
previously, and have low complexity in the realization. These capabilities can
hardly be supported by the existing IR-UWB based WBAN standard.



The MB-OFDM UWB technology is, in our opinion, the best candidate so far
to fulfil the aim in developing an alternative platform for high speed WBAN
applications. This technology offers several advantages. For instance, it offers
the maximum data rate up to 1 Gbps, and has a simple realization by
FFT/IFFT. Moreover, this technology allows the information to be processed
in a much smaller bandwidth, thus turning the frequency selective fading into
the frequency flat fading and reducing the sampling rate of the ADC, which
results in the reduced overall complexity. In addition, it is more flexible in the
spectrum management by turning on and off several tones or channels, hence
improving the worldwide compliance.



Robustness in delivering the WBAN services is a crucial requirement in the
WBAN design. Therefore, given the fact that the WBAN channel is severely
dispersive, this thesis places a great focus on how to improve the robustness
of the WBAN system against the worst channel conditions. In doing so, we
take two techniques into considerations, namely the MIMO and the adaptive
communication system.



MIMO is a powerful technique to improve the system performance, without
sacrificing the bandwidth and timeslot, and requires a relatively simple linear
detection, via MRC and ML decoding (particularly when we use orthogonal
STBC). However, MIMO incurs a moderate increase of complexity (increase
number of antennas). The core scheme in the MIMO is the Space-Time
Coding (STC), which provides the spatial and time diversities. Intuitively, by
employing the MIMO into the MB-OFDM UWB, we can further improve the
performance due to the additional frequency diversity introduced by MBOFDM UWB system. Thus, we may obtain spatial, time and frequency
diversities all together at once.
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Meanwhile, the adaptive technique offers the flexibility to alter the
modulation, transmission power, and coding rate or any combination of these
parameters to adapt to the instantaneous channel conditions in order to
improve the performance or the capacity without wasting the power. The
adaptive technique allows for the MIMO WBAN system to enhance the
performance further, while preserving the efficient power management.



The WBAN devices are predominantly small in dimension and operated by
batteries. Battery replacement is sometime impractical and expensive, such as
in implant devices. Consequently, minimization of the energy consumption in
the WBAN system is essential. The Energy efficient WBAN communication
systems should be employed.

To address the above problems, this thesis considers the following solutions,
which are also the main contribution of the thesis:
1.

The MIMO STFC MB-OFDM UWB is employed as the alternative WBAN
physical layer for high speed WBAN applications to enable the data rate up to
1 Gbps. Considering the practicality in the system implementation, we limit
our investigation to 2 × 1 and 2 × 2 MIMO configurations. Larger MIMO
dimension is considered to be impractical due to the nature of WBAN
devices. In Chapter 3 of the thesis, we propose and evaluate the STFC MBOFDM UWB physical layer for the WBAN applications.

2.

In order to improve further the robustness against severe multipath channels,
the adaptive schemes are added to that proposed WBAN physical layer. Two
adaptive WBAN algorithms have been researched in this thesis, namely a
simple direction-based adaptive algorithm and a more complex BER-based
adaptive algorithm, respectively. The former is applied to the original fourdirections based CM4 channel model with a focus on the simplicity and low
complexity, as addressed in Chapter 4. The latter is applied to the one degree
resolution interpolated CM4 channel model with the measured BER at the
receiver as the metric for the adaptation. Further, the optimization of the
adaptive algorithm is conducted to find the optimized performance and the
energy efficient transmission scheme. This optimisation is designed to
improve further the average bit error performance for high data rate
applications while maintaining a reasonably high throughput. Fundamentally,
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this performance improvement can be translated into a power saving at the
transmitter and/or receiver, thus reducing the power consumption. Chapter 5
of this thesis will explain in detail the optimized BER-based adaptive WBAN
system.
3.

Prior to the development of the BER-based adaptive WBAN system, we
devise an interpolated CM4 UWB channel to create a 1 degree resolution
channel model (as opposed to the 90 degree resolution of the original CM4).
This interpolated CM4 UWB channel model is aimed to provide a tool for
more refined comparative performance evaluations of the BER-based
adaptive WBAN system. The interpolated CM4 UWB channel model is
described in the appendix A.

4.

The energy efficiency of the optimized adaptive WBAN is investigated and
compared to the non-adaptive one to prove that the former not only exhibits
better performance compared to the later, but is also more efficient in the
energy consumption. In addition, the relation between energy efficiency and
spectrum efficiency of the proposed adaptive WBAN is analysed. The
investigation of the energy efficiency of the proposed adaptive WBAN
system will be explored in Chapter 6.
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CHAPTER 3

PERFORMANCE ANALYSIS OF STFC

MB-OFDM UWB WBAN SYSTEMS FOR HIGH SPEED
WBAN SERVICES
3.1

Introduction
One of the emerging technologies for short range, very high data rate

communication is Multi Band Orthogonal Frequency Division Multiplexing (MBOFDM) Ultra-Wideband (UWB), endorsed by the WiMedia Alliance [29]. It
combines the capability of OFDM to flatten the response of the dispersive frequency
selective channel of UWB, while maintaining the benefit of high capacity of UWB. It
is designed to operate at up to 1 Gbps, at low cost and with low power consumption
[29], [46]. Although MB-OFDM UWB is originally designed for Wireless Personal
Area Network (WPAN) applications, but its low transmission power and other
advantages as summarized in Section 2.3, make this technology very attractive to be
a WBAN platform.
Meanwhile, Multiple-Input Multiple-Output (MIMO) technology is proven to be
able to significantly increase the wireless system performance or the capacity for the
same total transmission power and the same system bandwidth [51-58], [67], [7073]. Its fundamental mechanism lies on the use of Space-Time Coding (STC) [53-54]
which enables the data to be transmitted by multiple transmit (TX) antennas and
received by multiple receive (RX) antennas. In STCs, signals are coded both in
spatial and temporal domains, for example using the Alamouti scheme or code [55]
or other similar codes [58], [72], [97-100]. With regard to the STC, we use the word
code or scheme alternately in this Thesis. The Alamouti code is designed for
frequency flat fading, and is capable of providing full rate and full diversity for up to
two transmit and two receive antennas. As a result, it enhances the diversity order
and improves the link quality and capacity.
However, its direct application for a very dispersive UWB WBAN channel may
not be suitable. Therefore, in order to attain higher data rates and capitalize on the
rich dispersion of UWB WBAN channels, further addition of the frequency domain
processing in STC can be deployed. So, the process becomes Space-Time-Frequency
Coding (STFC). Readers may refer to [23], [30], and [101-102] for more details
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about STFCs and its comparison with STC. It is intuitive that a STFC MB-OFDM
UWB system may provide better link performance, and higher data rate and system
capacity.
There has been relatively intensive research on MIMO OFDM systems in past
years such as in [101-102], and on MIMO MB-OFDM UWB systems [23], [30], [9799], [103-104]. These systems were only implemented in the frequency selective
channel [101], Rician or Rayleigh fading channel [102], Nakagami-m fading channel
[23], and UWB WPAN channel [30], [97-99], [103-104], rather than UWB WBAN
channel. Authors in [30] proposed the combination of MIMO, STFC, and MBOFDM UWB, referred to as the STFC MB-OFDM UWB system, for general WPAN
channels. However, to the best of our knowledge, the performance analysis of a
STFC MB-OFDM UWB system implemented in the proposed IEEE WBAN
channels [13] is still missing.
It is important to highlight the main differences between UWB channel models
for Wireless Personal Area Networks (WPANs) [13] with the aforementioned UWB
WBAN channel. The WPAN channel models are based on the Saleh-Valenzuela
model and do not consider the effect of the human body, while the UWB WBAN
channel models do. It is clearly shown in [13] that due to the shadowing effect of the
human body, the UWB WBAN channel produces a larger amplitude standard
deviation 𝜎 and a much greater exponential decay factor Γ compared to the UWB
WPAN channel. Moreover, Γ varies significantly for different body directions with
respect to the transmitter in the case of CM4 over the UWB WBAN channel.
Therefore, it is necessary to investigate the performance of the MIMO MB-OFDM
UWB system over these WBAN channels.
The WBAN designs primarily focus on critical issues such as capacity,
reliability, dimension, and energy efficiency to suit their practical implementations.
In order to address these challenges in WBAN implementations, this chapter
proposes for the first time the STFC MB-OFDM UWB as the physical layer for high
speed (up to 1 Gbps) WBAN in addition to the IEEE IR-UWB WBAN standard. This
proposal combines an MB-OFDM UWB based technology with Multiple Input
Multiple Output (MIMO) technique to capture and maximize the advantages of a rich
diversity environment of WBAN channels. The evaluation of this proposed physical
layer was done in CM3 and CM4 UWB WBAN channel. The results show that the
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proposed STFC MB-OFDM UWB scheme substantially outperforms the
conventional MB-OFDM UWB system for WBAN physical layer, in the order of 4.9
dB and 10.2 dB for 2I1O and 2I2O configurations, respectively. This means that the
STFC MB-OFDM UWB is a strong candidate for a high speed WBAN system.
The contributions of this chapter are as follows


Analysis of the feasibility of STFC MB-OFDM UWB as a physical layer
for high speed WBAN,



Investigation and analysis of the STFC MB-OFDM UWB system model,



Evaluation of the performance of the proposed STFC MB-OFDM UWB
WBAN system in the CM3 and CM4 UWB WBAN channels via
simulations,



Investigation and analysis of the influence of body directions (due to
human body movements) on the system performances, and



The recognition of the dependence of the system performance to different
body directions (the direction of the receiver placed on the surface of the
body with respect to the fixed external transceiver) due to human body
movements.

The contents of this chapter were published in [105] and partly in [106].
This chapter is organized as follows. Section 3.2 highlights requirements of the
physical layer of high speed WBAN. Section 3.3 analyses the proposed system
model. The investigation of the performance of STFC MB-OFDM UWB WBAN
system with the M-PSK modulation scheme in the CM3 and CM4 UWB WBAN
channel models is presented in Section 3.4. Finally, Section 3.5 concludes this
chapter.
3.2

High Speed WBAN PHY Layer Requirements
UWB WBAN operates in a common band of 3.1 – 10.6 GHz. These bands are

shared with other applications such as satellite communications and other UWB
communications system [4]. Therefore UWB WBAN must be able to co-exist with
other wireless communication systems.
Human body movements such as walking, laying, kneeling down, moving arms
and legs, will randomly vary the channel conditions between nodes [13], [34-35],
[39]. These channel variations could lead to unpredictable changes of channel
behavior, which possibly result in the degradation of the quality of communications
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between nodes. Furthermore, the interference from nearby UWB WBAN users may
arise when users move towards each other in a multi user environment. Therefore, a
WBAN physical layer should have a capability to mitigate the interference from
other users or in other words, it should have an inherent high interference-resistant
mechanism.
As such, we can summarize the minimum requirements of WBAN [4], [7] as
follows
1. Limited ranges from few centimetres – 5 metres,
2. Small size and lightweight devices,
3. Capable to co-exist with other wireless technologies,
4. Interference resistance from other wireless communication systems,
5. Robust and secure data transmission,
6. Support scalable data rates from few kbps to tens of Mbps,
7. High capacity in order to be able to support foreseeable future bandwidthhungry applications, and
8. Extremely low power consumption and high energy efficiency.
In order to fulfil the requirements of the WBAN physical layer as mentioned
above, we propose the combination of STFC and MB-OFDM UWB (referred to as
STFC MB-OFDM UWB WBAN), as a high speed physical layer for WBAN. The
requirements 1-8 can be addressed by the combination of the MB-OFDM UWB
technology and the STFC-MIMO technique [29], [30]. The following section
describes our proposed STFC MB-OFDM UWB WBAN platform in detail.
3.3

The Proposed STFC MB-OFDM UWB Platform
This Section proposes the implementation of STFC MB-OFDM UWB in the

WBAN channels using the Alamouti code.
3.3.1

The Channel Models

For the purpose of investigation, we only consider the body-to-body (CM3 UWB
WBAN) channel and body-to-external (CM4 UWB WBAN) channel. The
characteristics of CM3 UWB WBAN are described in Section 2.2.4.3, and
characteristics of CM4 UWB WBAN are explained in Section 2.2.4.4.
It is important to note the unique characteristic of the CM4 UWB WBAN
channel model as appeared in Table 2.5, that the worst link is corresponding to the
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270𝑜 body direction, rather than 180𝑜 , which may be rather counter-intuitive, and
the channel behaviours of the 90𝑜 and 270𝑜 directions are significantly different.
This might possibly be due to the different surrounding environments of the 90𝑜 and
270𝑜 directions during the measurement campaign. This observation will be
reflected in our simulation results mentioned later in Section 3.4.
3.3.2

STFC MB-OFDM UWB WBAN System Model

One of the core techniques of this proposed STFC MB-OFDM UWB platform is
the MB-OFDM UWB system, as outlined in Section 2.3. This UWB standard
supports scalable data rates from 53.3 Mbps to 1 Gbps, and has very low power
emittance in compliance to the FCC UWB regulation [46]. Moreover, this standard
also employs a mandatory Time-Frequency Code (TFC) to achieve higher time and
frequency diversities. These features, along with time domain and frequency domain
spreading, fundamentally increase its immunity against external interference [29].
Therefore, it fulfils the requirements 1-7 mentioned in Section 3.2. The addition of
Space-Time-Frequency Coding (STFC) through MIMO implementation not only
substantially improves the quality of signal reception due to a higher order of
diversity, but also reduces the power consumption (or increases energy efficiency) of
the system, as shown latter in Chapter 6 of this Thesis. The application of MIMO in
this WBAN platform is intended to address requirement 8 in Section 3.2.
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Figure 3.1 STFC MB-OFDM UWB WBAN system.
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Figure 3.1 depicts the block diagram of our proposed STFC MB-OFDM UWB
system with 𝑀-TX (transmit) antennas and 𝑁-RX (receive) antennas. The data
stream 𝑑(𝑛) undergoes convolutional coding and interleaving, before being mapped
to symbols. The modulation symbol stream is then converted by a Serial-to-Parallel
𝑇

(S/P) block into the symbol blocks (or vectors) x̅𝑡,𝑚 = [𝑥𝑡,𝑚,1 , 𝑥𝑡,𝑚,2 , … , 𝑥𝑡,𝑚,𝑁𝑓𝑓𝑡 ] ,
where 𝑁𝑓𝑓𝑡 is the FFT size. In this system model, we employ M-PSK modulation,
particularly BPSK, QPSK, and 8PSK modulation. The STC block creates space-time
codes for the two consecutive symbol blocks by using the Alamouti code [55] as
follows
𝐗 = {x̅𝑡,𝑚 } 𝑇×𝑀

x̅𝑡,1
=[
x̅𝑡,2

∗
−x̅𝑡,2
∗ ]
x̅𝑡,1

(3.1)

where x̅𝑡,1 and x̅𝑡,2 are the symbol vectors transmitted from the first antenna and the
second antenna at a given time slot, respectively. ( )* denotes complex conjugate.
We denote the matrix 𝐗 in the general form as 𝐗 = {x̅𝑡,𝑚 } 𝑇×𝑀 , where the index 𝑡
indicates the time slot (time to send the whole symbol block) and 𝑚 indicates the TX
antenna. The symbol vectors in the columns of matrix 𝐗 are transmitted
simultaneously from 𝑀 different TX antennas, while elements in the rows of matrix
𝐗 are transmitted in 𝑇 different OFDM time slots (𝑀 = 2 and 𝑇 = 2 for the
Alamouti code) from the respective antenna. Each of symbol vectors in the matrix 𝐗
is then converted into an 𝑁𝑓𝑓𝑡 -point MB-OFDM symbol by the IFFT block, resulting
in the STFC code matrix 𝐗 𝑂𝐹𝐷𝑀 whose elements are the 𝑁𝑓𝑓𝑡 -point IFFT of the
corresponding symbol vectors x̅𝑡,𝑚 in 𝐗. Hence, the transmitted matrix of STFC MBOFDM symbols is
𝐗 𝑂𝐹𝐷𝑀 = {x̅𝑂𝐹𝐷𝑀,𝑡,𝑚 } 𝑇×𝑀 = {IFFT{x̅𝑡,𝑚 }} 𝑇×𝑀

(3.2)

The actual transmitted matrix is the matrix 𝐗 𝑍𝑃 whose elements are the 𝑁𝑓𝑓𝑡 -length
vectors x̅𝑂𝐹𝐷𝑀,𝑡,𝑚 in

𝐗 𝑂𝐹𝐷𝑀 appended with the 37-samples zero padded suffix

(ZPS), denoted as x̅𝑍𝑃,𝑡,𝑚 , before being transmitted to the channel. ZPS is used here
instead of cyclic prefix (CP) due to the fact that adding CP to an OFDM symbol will
introduce redundancy into the transmitted signal. The CP produces correlation in the
transmitted signal, which results in ripples in the average power spectral density
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(PSD) of MB-OFDM UWB system that could be as high as 1.5 dB [30]. This
problem might force power back off at the MB-OFDM UWB transmitter, hence
reducing the transmission range. When a ZPS is used, ripples in the PSD can be
reduced significantly, thus the power back off problem at the transmitter can be
mitigated and the system can achieve the maximum possible range. This means
𝐗 𝑍𝑃 = {x̅𝑍𝑃,𝑡,𝑚 } 𝑇×𝑀

(3.3)

The channels between M TX antennas and N RX antennas are defined as the
channel matrix 𝐇
h̅1,1
𝐇=[ ⋮
h̅1,𝑁

⋯
⋱
⋯

h̅𝑀,1
⋮ ]
h̅𝑀,𝑁

(3.4)

where h̅𝑚,𝑛 is the channel coefficient vector between the 𝑚-th TX antenna, for 𝑚 =
1,2, … , 𝑀, and the 𝑛-th RX antenna, 𝑛 = 1,2, … , 𝑁, containing 𝑙 multipaths. The
distribution and parameters of h̅𝑚,𝑛 are determined by Eq. (2.2) and Table 2.4 for
CM3 UWB WBAN channel and by Eq. (2.3) and Table 2.5 for CM4 UWB WBAN
channel.
In the receiver, the received signals at the 𝑛-th RX antenna during the 𝑡-th
transmitted OFDM symbol duration is computed as
𝑀

r̅𝑡,𝑛 = ∑ (x̅𝑍𝑃,𝑡,𝑚 ⋆ h̅𝑚,𝑛 ) + n̅𝑡,𝑛

(3.5)

𝑚=1

where (⋆) denotes the linear convolution, x̅𝑍𝑃,𝑡,𝑚 is the 𝑡-th transmitted MB-OFDM
symbol including ZPS from the 𝑚-th TX antenna, and n̅𝑡,𝑛 is the zero mean Additive
White Gaussian Noise (AWGN) vector. The ZPS is removed by an Overlap-AndAdd-Operation (OAAO) prior to the FFT operation. The OAAO operates by taking
(𝑁𝑓𝑓𝑡 + 1) to (𝑁𝑓𝑓𝑡 + 𝑁𝑍𝑃𝑆 ) samples from the received symbols r̅ 𝑡,𝑛 , and adding
them to the first 𝑁𝑍𝑃𝑆 samples of the received symbols r̅𝑡,𝑛 . Then, the first 𝑁𝑓𝑓𝑡
symbol will be used to decode the transmitted symbol, creating a circular
convolution between the transmitted OFDM symbols before ZPS addition and the
channel h̅𝑚𝑛 . Hence, after performing OAAO, we have
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𝑀

r̅𝑂𝐹𝐷𝑀,𝑡,𝑛 = ∑ x̅𝑂𝐹𝐷𝑀,𝑡,𝑚 ⊛ h̅𝑚,𝑛 + n̅𝑡,𝑛

(3.6)

𝑚=1

where (⊛) denote circular convolution. Using the same approach as in [30], after the
FFT block, the input signals of the STFC decoder is calculated as follow
𝑀

𝔯̅𝑡,𝑛 = ∑ x̅𝑡,𝑚 • 𝔥̅𝑚,𝑛 + 𝔫̅𝑡,𝑛

(3.7)

𝑚=1

where (•) denotes the dot (Hardamard) product between the two vectors, 𝔯̅𝑡,𝑛 =
𝑇

FFT(r̅ 𝑂𝐹𝐷𝑀,𝑡,𝑛 ) = [𝔯𝑚,𝑛,1 , … , 𝔯𝑚,𝑛,𝑁𝑓𝑓𝑡 ] , x̅𝑡,𝑚 is the original modulation symbols,
𝑇

𝔥̅𝑚,𝑛 = FFT(h̅𝑚𝑛 ) = [ℏ𝑚,𝑛,1 , … , ℏ𝑚,𝑛,𝑁𝑓𝑓𝑡 ] , and 𝔫̅𝑡,𝑛 = FFT(n̅𝑡,𝑛 ). Denote ℛ =
{𝔯̅𝑡,𝑛 } 𝑇×𝑁 to be the received signals matrix after FFT, ℋ = {𝔥̅𝑚,𝑛 }𝑀×𝑁 to be the
channel response matrix, and 𝒩 = {𝔫̅𝑡,𝑛 } 𝑇×𝑁 is the matrix of noise. Then we can rewrite Eq. (3.7) as
ℛ =𝐗∘ ℋ+𝒩

(3.8)

where (◦) denotes the multiplication operation between two matrices 𝐗 = {x̅𝑡,𝑚 } 𝑇×𝑀
and ℋ = {𝔥̅𝑚,𝑛 }𝑀×𝑁 whose elements x̅𝑡,𝑚 and 𝔥̅𝑚,𝑛 are a 𝑁𝑓𝑓𝑡 -length vectors, such
that the (t, n)-th element of the resulting matrix ℛ is a 𝑁𝑓𝑓𝑡 -length column vectors
∑𝑀
̅ 𝑡,𝑚 • 𝔥̅𝑚,𝑛 [30].
𝑚=1 x
We use the same approach as [30] for decoding the signals and detecting the
transmitted data using Maximum Likelihood (ML) detection. The detected vectors
are decided by
{x̅̃𝑡,𝑚 } = arg min ‖ℛ − 𝐗 ∘ ℋ‖2𝐹
{x̅𝑡,𝑚 }

(3.9)

Since the matrix 𝐗 preserves its orthogonality in the similar manner as in a
conventional STBC MIMO system, the STFC MB-OFDM UWB system can also
employ a simple linear decoding process. For simplicity, we can omit the time index
t. Hence in the 2I1O configuration with M-PSK modulation, we have the following
decoding metrics
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‖[|(𝔥̅1∗ • 𝔯̅1 + 𝔥̅2 • 𝔯̅∗2 ) − x̅|.∧ 2]‖2𝐹
x̅̃1 = arg min
𝑁
x̅∈𝒞 𝐷

‖[|(𝔥̅∗2 • 𝔯̅1 − 𝔥̅1 • 𝔯̅∗2 ) − x̅|.∧ 2]‖2𝐹
x̅̃2 = arg min
𝑁

(3.10)

x̅∈𝒞 𝐷

where x̅.∧ 2 denotes the element-wise power-2 operation of a matrix or a vector x̅, 𝑁𝐷
is number of data subcarriers (𝑁𝐷 = 100, according to the WiMedia standard [29]),
and 𝒞 𝑁𝐷 denotes the ND-dimensional complex space of the transmitted vector x̅. For
the 2I2O, the decoding metrics are
∗
∗
‖[|(𝔥̅11
x̅̃1 = arg min
• 𝔯̅11 + 𝔥̅21 • 𝔯̅∗21 + 𝔥̅12
• 𝔯̅12 + 𝔥̅22 • 𝔯̅∗22 ) − x̅|.∧ 2]‖2𝐹
𝑁
x̅∈𝒞 𝐷

‖[|(𝔥̅∗21 • 𝔯̅11 − 𝔥̅11 • 𝔯̅∗21 + 𝔥̅∗22 • 𝔯̅12 − 𝔥̅12 • 𝔯̅∗22 ) − x̅|.∧ 2]‖2𝐹
x̅̃2 = arg min
𝑁
x̅∈𝒞 𝐷

(3.11)

More importantly, each data point in an MB-OFDM symbol can be decoded
separately rather than jointly [30], thus the decoding process is significantly
simplified.

In particular, the decoding metric of each data symbol at the 𝑘-th

subcarrier, for 𝑘 = 1, … , 𝑁𝐷 , in the MB-OFDM symbols are
2

∗
𝑥̃1,𝑘 = arg min [|(ℏ1,𝑘
𝔯1,𝑘 + ℏ2,𝑘 𝔯∗2,𝑘 ) − 𝑥1,𝑘 | ]
𝑥1,𝑘 ∈𝒞

2

𝑥̃2,𝑘 = arg min [|(ℏ∗2,𝑘 𝔯1,𝑘 − ℏ1,𝑘 𝔯∗2,𝑘 ) − 𝑥1,𝑘 | ]

(3.12)

𝑥2,𝑘 ∈𝒞

for the 2I1O configuration, and
2

2

∗
𝑥̃1,𝑘 = arg min [|∑(ℏ1,𝑛,𝑘
𝔯1,𝑛,𝑘 + ℏ2,𝑛,𝑘 𝔯∗2,𝑛,𝑘 ) − 𝑥1,𝑘 | ]
𝑥1,𝑘 ∈𝒞

𝑛=1
2

2

𝑥̃2,𝑘 = arg min [|∑(ℏ∗2,𝑛,𝑘 𝔯1,𝑛,𝑘 − ℏ1,𝑛,𝑘 𝔯∗2,𝑛,𝑘 ) − 𝑥2,𝑘 | ]
𝑥2,𝑘 ∈𝒞

(3.13)

𝑛=1

for the 2I2O configuration. Generalization for the case of 𝑀-TX and 𝑁-RX antennas
is straightforward. For the full account on the general STFC MB-OFDM UWB
system, the reader may refer to [30].
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3.4

Simulation Results.
The performance in terms of BER of the proposed system is assessed by Monte-

Carlo simulations for three different configurations, those are Single-Input SingleOutput (SISO), 2I1O and 2I2O, assuming perfect channel state information be
available at the receiver. The total transmitted power from all TX antennas is kept
equal at all times in all configurations, in order to fairly compare their performances.
The channel conditions and their associated parameters are described in Chapter 2.
Moreover, in the MIMO MB-OFDM UWB channel, the frequency selective channel
is turned into frequency flat fading channel (c.f. Section 2.3). Therefore, channel
coefficients are assumed to be constant during two consecutive OFDM symbols, that
is during each Alamouti STFC block, but random between consecutive Alamouti
STFC blocks. The channel realizations are simulated by the MATLAB program
enclosed in the appendix of IEEE 802.15.6 channel modelling subcommittee final
document [13]. The other simulation parameters are listed in Table 3.1. The number
of the OFDM symbols sent in each run of simulation is 50,000 in order to get at least
100 bit errors in every 𝐸𝑏 /𝑁𝑜 point.
We compare the system performance for MPSK modulations in the CM3 UWB
WBAN and CM4 UWB WBAN channel models. MPSK modulation is considered
here because it is generally one of the most efficient and most powerful modulation
schemes [74], and particularly the QPSK is one of the modulation schemes employed
in MB-OFDM UWB standard [29]. Due to the increased complexity and worsening
performance in the higher M-level PSK as manifest in this investigation, thus we
only compare three lower MPSK modulations, these are BPSK, QPSK, and 8-PSK.
With regard to the simulation of body-to-external link connecting the Hub and
the WAP (CM4 UWB WBAN channel), we use only QPSK modulation to simulate
the effect of body directions in both MIMO (2I1O and 2I2O) configurations. The
QPSK is used here because of its better performance compared to the higher level
MPSK, and QPSK has twice the spectral efficiency of BPSK [74]. In this simulation,
the transmitter is fixed near to the wall, while the receiver is placed on body and
varied for four different positions (c.f. Figure 2.5). These body directions are the
result of body movement, creating a possible LOS and NLOS links between
transmitter and receiver on body due to the effect of body shadowing. In this channel
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model, the ground/wall reflections are also considered resulting in very dispersive,
yet very rich in diversity, WBAN channel.
Table 3.1 Simulation Parameters
Parameters

Value

FFT & IFFT size Nfft

128

Number of ZPS NZPS

37

Convolutional coder (K=7) rate

1/2

Conv. decoder and mode

Viterbi, Hard

Interleaver/De-interleaver

Column-wise written, row-wise read

Average number of paths in CM3

38

UWB WBAN
Average number of paths in CM4

400

UWB WBAN

0𝑜 , 90𝑜 , 180𝑜 , 270𝑜

Body directions
3.4.1

Performance of STFC MB-OFDM UWB WBAN System with M-PSK
Modulation in CM3 UWB WBAN Channel

The performances of the proposed STFC MB-OFDM UWB WBAN and of the
conventional (or SISO) MB-OFDM UWB system for the CM3 UWB WBAN
channel, with QPSK modulation are compared in Figure 3.2. The proposed WBAN
system utilizes two different MIMO configurations, namely 2I1O and 2I2O. The
comparison aims to evaluate the influence of different diversity order to the overall
performance of the system. The average total transmitted powers are kept to be the
same for both systems, by scaling down the STFC MB-OFDM’s power by a factor of
2 (due to two transmit antenna compared to a single transmit antenna in SISO).
The simulation results in Figure 3.2 show that the proposed WBAN system
substantially outperforms the conventional (SISO) MB-OFDM UWB system. The
performance improvements of 4.9 dB and 10.2 dB can be achieved at BER = 10 -4 in
the 2I1O and 2I2O STFC MB-OFDM UWB WBAN systems, respectively,
compared to the conventional MB-OFDM UWB as shown in Table 3.2. Those
performance improvements are due to the diversity gain introduced by STFC. A
higher diversity gain means higher level of signal reception at the receiver by taking
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Figure 3.2 Performance comparison of the STFC MB-OFDM UWB and
conventional (SISO) MB-OFDM systems in CM3 UWB WBAN channel.
Table 3.2 𝐸𝑏 /𝑁𝑜 required to achieve BER = 10-4 in STFC MB-OFDM UWB and
MB-OFDM UWB in CM3 UWB WBAN Channel

Scheme

𝐸𝑏 /𝑁𝑜 (dB)

Improvement (dB) compared to
MB-OFDM UWB

SISO MB-OFDM UWB

15.1

-

2I1O MB-OFDM UWB

10.2

4.9

2I2O MB-OFDM UWB

4.9

10.2

advantage of combining more multipath signals. Therefore, the 2I2O configuration
achieves a 5.3 dB better performance at BER= 10-4, compared to 211O configuration.
In addition to the diversity gain, the 2I2O also provides 3 dB array gain (c.f. Eq.
(2.30)), while the 2I1O offers no array gain (c.f. Eq. (2.28)). The combination of
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higher diversity gain and array gain in 2I2O results in significantly more powerful
performance compared to the 2I1O.
Overall, it can be seen that the implementation of the proposed STFC technique
in MB-OFDM UWB provides superior performance over the conventional SISO
MB-OFDM UWB, thanks to the higher diversity order introduced by the STFC. As a
result, we only consider the MIMO configurations and exclude the SISO case in the
rest of this thesis.

Figure 3.3 Performance of STFC MB-OFDM in CM3 UWB WBAN Channel with
M-PSK Modulations.
Figure 3.3 compares the performance of the STFC MB-OFDM UWB system in
the CM3 UWB WBAN channel for BPSK, QPSK, and 8PSK modulations for both
MIMO configurations. From the bandwidth efficiency perspective, those modulation
schemes offer 1 bps/Hz, 2bps/Hz, and 3 bps/Hz, respectively. Figure 3.3 clearly
shows that the system can achieve a good BER performance from a reasonably low
𝐸𝑏 /𝑁𝑜 range in both MIMO configurations, even if we use 8PSK modulation. For
example, a BER of 10-4 can be attained at 𝐸𝑏 /𝑁𝑜 equal to 2.8 dB for BPSK, 4.8 dB
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for QPSK, 8.5 dB for 8PSK in 2I2O configuration, respectively. The same BER level
also can be achieved by 2I1O configuration, but require larger 𝐸𝑏 /𝑁𝑜 , those are at
𝐸𝑏 /𝑁𝑜 equal to 8.4 dB for BPSK, 10.2 dB for QPSK, and 14 dB for 8PSK,
respectively, as can be seen in Table 3.3.
Table 3.3 Required 𝐸𝑏 /𝑁𝑜 for different M-PSK modulation scheme in the
CM3 UWB WBAN Channel at BER = 10-4

𝐸𝑏 /𝑁𝑜 in 2I1O

𝐸𝑏 /𝑁𝑜 in 2I2O

Improvement

configuration, (dB)

configuration, (dB)

(dB)

BPSK

8.4

2.8

5.6

QPSK

10.2

4.8

5.4

8PSK

14

8.5

5.5

Modulation

The STFC MB-OFDM UWB system performs well in the CM3 UWB WBAN
channel. Beside the diversity order introduced by STFC, the reason for this good
performance is that the length of zero padded suffix 𝑁𝑍𝑃𝑆 = 37 is close enough to the
mean number of multipaths in CM3, i.e. 𝐿̅ = 38 (cf. Table 3.1). Therefore, the
system experiences frequency flat fading channels. Significant improvements by
employing the 2I2O configuration compared to the 2I1O one at BER = 10-4 can be
seen in Table 3.3. The improvement indicates the amount of saving in the required
𝐸𝑏 /𝑁𝑜 of both MIMO configuration to achieve the same performance, in this case at
BER = 10-4, for three different M-PSK modulations. It is interesting to note that the
improvement provided by BPSK, QPSK, and 8-PSK modulation scheme are almost
the same, namely around 5.5 dB. Whereas, in the higher BER region the system
performance improves by around 4 dB. In particular, BPSK and QPSK modulations
required much less 𝐸𝑏 /𝑁𝑜 to achieve the same performance compared to 8-PSK.
Therefore, BPSK and QPSK are of particular interest and are used as two main
modulations in our proposed adaptive WBAN scheme as explained in the next
chapters.
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3.4.2

Performance of STFC MB-OFDM UWB WBAN System with M-PSK
Modulation in CM4 UWB WBAN Channel

Figure 3.4 describes the system performance in the CM4 UWB WBAN channel
in the case of 0𝑜 body direction for different MIMO configurations and MPSK
modulation schemes. Because the CM4 UWB WBAN channel with the average
number of multipath 𝐿̅ = 400 (cf. Table 3.1) is very dispersive, severe performance
degradations occur if higher density M-PSK modulation schemes are used. It can be
seen that the 2I2O configuration provides a huge advantage in terms of BER
compared to the 2I1O configuration for a given 𝐸𝑏 /𝑁𝑜 in all modulation schemes.
The figure also shows a flattened performance (error floor) after 𝐸𝑏 /𝑁𝑜 = 10 dB for
all configuration and modulation schemes. This will be explained in detail later.

Figure 3.4 Performance of STFC MB-OFDM in CM4 UWB WBAN channel with
M-PSK modulations.
The effect of body directions on the system performance in CM4 UWB WBAN
channel is depicted in Figure 3.5 for QPSK modulation. According to [13], which is
based on an extensive measurement campaign in the office environment for medical
applications, different orientation angles of the body cause different channel
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behaviors due to the possible change of propagation environment and the effect of
body shadowing. This channel model reveals that the channel characteristics are
worst in the 270𝑜 direction and that the channel parameters of the 90𝑜 and 270𝑜
angles are different. These rather counter-intuitive results might be because of the
surrounding environments varied and/or the asymmetric radiation patterns of the
antennas used in the measurement campaign.

Figure 3.5 Performance of STFC MB-OFDM in CM4 UWB WBAN channel for four
different body directions with QPSK modulation.
The simulations show that the front body (0𝑜 direction) results in better
performance compared to other directions of the body, due to the LOS transmission.
The back of the body (180𝑜 direction) suffers from a body shadowing effect and the
receiver only receives NLOS multipath signals. The system performance in the 180o
angle degrades 3.5 dB at BER = 10-3, and degrades 6 dB for BER = 10-4, compared
to the front body (0𝑜 ). Nonetheless, the performance is still reasonably good,
particularly in the 2I2O configuration, compared to the 2I1O configuration.
Table 3.4 shows the degradation of the system performance when the angle of
body directions change from Line-of-Sight (LOS) to partial and full Non-Line-of68

𝐸

Sight (NLOS) at 𝑁𝑏 = 14 𝑑𝐵. The BER degrades 7.5 dB and 16.5 dB when the body
𝑜

direction changes from 0𝑜 to 270𝑜 , in the 2I1O and the 2I2O configuration,
respectively. It also shows that the 2I2O configuration outperforms 2I1O
configuration in the magnitude between 102 to 103 in all body directions. As in the
CM3 UWB WBAN channel, this superior performance of 2I2O configuration is as a
result of its higher diversity gain compared to the 2I1O configuration, as well as due
to its array gain. These two factors contribute to the greater capability of 2I2O
configuration in overcoming the severe dispersive CM4 UWB WBAN channel.
𝐸

Table 3.4 BER values at 𝑁𝑏 = 14 𝑑𝐵 for different body directions in
𝑜

the CM4 UWB WBAN
Body direction 2I1O Configuration 2I2O Configuration
0𝑜

1.013x10-2

1.26 x10-5

90𝑜

2.625x10-2

6.536x10-5

180𝑜

3.699x10-2

2.082 x10-4

270𝑜

6.064x10-2

5.664 x10-4

Different results arise from the right-side (90𝑜 direction) and left-side (270𝑜
direction) of the body. The degradation of the performance is due to the fact that they
are only able to receive partially LOS signals through the antenna’s side lobes, as
well as multipath signals. Table 3.4 shows that the system performs almost twice
𝐸

worse in the 270𝑜 body direction compared in the 90𝑜 body direction at 𝑁𝑏 = 14 𝑑𝐵
𝑜

in the 2I1O configuration. It is also shown that greater disparity in the system
performance occurs between the 270𝑜 body direction and the 90𝑜 body direction.
These observations are consistent with the CM4 UWB WBAN channel
characteristics summarized earlier in the Table 2.5.
From Figures 3.4 and 3.5, error floors, where increasing 𝐸𝑏 /𝑁𝑜 further does not
bring about a significant improvement, can be observed. This is due to the fact that
the ZPS length (𝑁𝑍𝑃𝑆 = 37) is much shorter than the channel length (𝐿̅ = 400) in
the very dispersive channel CM4 UWB WBAN channel, hence the residual Inter
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Symbol Interference (ISI) cannot be neutralized completely by the ZPS. This is the
reason why the MB-OFDM technique has been proposed where consecutive MBOFDM symbols are transmitted over different RF frequencies, thus avoiding the
residual ISI. For simplicity, simulations are run here in the baseband, rather than in
the RF band, thus the error floor can be observed. In other words, the performance
provided in this work serves as the lower bound of the improvement that could be
provided by the proposed system.
It is worth to note that although the level of performance improvement achieved
by the proposed STFC MB-OFDM UWB WBAN system compared to the
conventional MB-OFDM UWB WBAN system might be different should a different
channel model be used, the overall idea of the proposed scheme could still be valid
for other channel models.
3.5

Conclusion
In this chapter, we propose the use of MB-OFDM UWB as an alternative

physical layer for WBAN system, in combination with Space-Time-Frequency-Code
Multi-Input Multi-Output (STFC MIMO) techniques, referred to as STFC MBOFDM UWB. STFCs are the extended versions of the conventional Space-Time
Block Codes (STBCs) to a three-dimensional processing, namely space, time and
frequency domain processing, to increase further the system diversity. Intuitively,
this proposal may be able to provide better performance, higher data rate, and greater
range at the price of a modest increase in complexity.
In order to prove that the proposed scheme is worthy to be the high speed
WBAN physical layer, we investigate the performance of the STFC MB-OFDM
UWB system over the CM3 and CM4 UWB WBAN channels, by employing the
Alamouti code.

2I1O and 2I2O MIMO configurations and different M-PSK

modulations are used for comparison. The effect of body directions toward a fixed
external transceiver is also evaluated by simulations. Simulation results confirm that
the proposed system can achieve significantly better BER performances in the order
of 4.9 and 10.2 dB in the 2I1O and 2I2O configurations, respectively, compared to
the conventional MB-OFDM UWB system. Within the same MIMO configuration,
the system performance improves by 2 - 4 dB if lower density M-PSK modulations
are utilized. Moreover, though the body direction substantially affects the
performance due to the availability of LOS or partial LOS paths, the proposed
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system is still more robust, compared to the conventional MB-OFDM one. We
conclude that the proposed system can provide a robust, high data rate transmission
for WBAN applications.
One important observation that can be drawn from the simulation result in Figure
3.5 is the system BER performance differs significantly in different body directions,
i.e. the direction of the receiver placed on the surface of the body with respect to
(w.r.t) the fixed external transceiver. This is due to the effects of LOS, partial LOS,
and body shadowing. This observation motivates us to develop the adaptive
modulation and STFC coding algorithms in order to further improve the system
performance, while maintaining its energy efficiency at an acceptable level. This
adaptive WBAN system will be described in details in the next three chapters of this
thesis.
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CHAPTER 4

DIRECTION-BASED ADAPTIVE WBAN
SYSTEMS

4.1

Introduction
As demonstrated earlier in Chapter 3, the proposed STFC MB-OFDM UWB

WBAN system provide better performance compared to the conventional (SISO)
MB-OFDM UWB, at a price of modest increase in complexity due to higher number
of transmit antennas.
Further, we evaluate the performance of the proposed system in the CM4 UWB
WBAN channel that considers human body movement. One important observation
from the result in Figure 3.5 of Chapter 3 is that the system performance differs
significantly in different body directions. These disparities in the system performance
are because different body directions experience different channel fading levels due
to the combined effects of LOS, partial LOS, or/and body shadowing. In order to
further improve the system performance, while maintaining its energy efficiency at
an acceptable level, we develop the adaptive WBAN systems in which modulation,
power control, and STFC coding algorithms are adaptively adjusted to the
instantaneous channel condition. Two adaptive schemes are consecutively
considered. The first is a simple direction-based adaptive scheme and the second a
more complex BER-based adaptive scheme. The former adaptive scheme is
described in detail in this chapter, and the latter is discussed in Chapter 5.
As has been analyzed in Section 2.5 of the Literature review, adaptive techniques
are common tools for performance enhancement in many wireless communication
systems. However, an adaptive modulation and STFC coding scheme for the STFC
MB-OFDM UWB WBAN physical layer has not been examined in the literature.
Therefore, this chapter proposes a simple but effective adaptive WBAN system.
The proposed adaptive system is a body direction based adaptive algorithm
implemented in STFC MB-OFDM UWB WBAN, in order to improve the average
performance and/or reduce the power consumption of the body-to-external link for
WBAN applications. The core idea is that a combination of different digital
modulation schemes (BPSK, QPSK), powers of signal constellations, and STFC
coding rates is adaptively selected, depending on the body direction w.r.t. the
transmitter. The adaption is carried out by the measurement of angles of the body
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w.r.t. the transmitter. A simple direction sensor can be used to accurately measure the
angle [107]. The angle information is then fed back to the transmitter via a simple
feedback loop to vary its modulation, STFC coding rate, and constellation power.
The simulation results show around 1-3 dB improvement in both 2I1O and 2I2O
configurations, compared to the non-adaptive STFC MB-OFDM UWB WBAN.
The contributions of this chapter are as follows:


Development of a body direction based adaptive system model based on the
WBAN physical layer proposed in Chapter 3.



Design and implementation of a simple adaptive algorithm into the system
model.



Analysis of the decoding complexity of the proposed adaptive WBAN
system.



Evaluation and analysis of the performance of the proposed adaptive WBAN
system.

The content of this chapter has been published in [108], and partly in [106].
This chapter is organized as follows. Section 4.2 describes the adaptive scenario.
The analysis of the proposed system model is provided in Section 4.3. Section 4.4
describes the algorithm of the direction-based adaptive scheme, including the
decoding complexity. The performance evaluation and simulation results are
presented in Section 4.5. Section 4.6 concludes the chapter.
4.2

Direction-based Adaptive WBAN Scenario
The effect of body directions on the system performance in the CM4 UWB

WBAN channel has been depicted in Figure 3.5 and is discussed in Section 3.4.2 of
Chapter 3. Different orientation angles of the body cause different channel behavior
due to the possible change of propagation environment and the effect of body
shadowing. Recall that the IEEE’s CM4 UWB WBAN channel model [13] used in
this chapter defines four body directions. This channel model reveals that the channel
characteristics are best in the 0o direction, but worst in the 270o direction [13]. In
addition, the 90o and 180o directions exhibit similar characteristics [13]. These
situations are also consistent with the system performance in these directions as
discussed in Chapter 3. More specifically, the best channel behavior corresponds to
the 0o direction, and while the 90o and 180o directions possess relatively close error
performances and the worst channel behaviour is the 270o direction.
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The proposed adaptive scheme is controlled by the measurement of the angular
direction of the body toward a fixed external transceiver, such as a fixed Wireless
Access Point (WAP). Based on aforementioned characteristics of CM4 UWB
WBAN channel model [13] and our observation as discussed above, Figure 4.1
define three sets of adaptive schemes, namely, Set-1, Set-2, and Set-3 associated with
the range (or the region) of the body direction angle between 315o to 45o, 45o to 225o,
and 225o to 315o, respectively.
Body Direction
0

315o

270o

45o

Set-1

90o

Set-3

Set-2

225o

180o

------- Angle/direction boundaries

Figure 4.1 Angle direction boundaries for adaptive decision.
The body direction estimations utilize a simple direction sensor, e.g. Giant
Magneto Resistance (GMR) thin film sensor chips [107]. This sensor can detect the
angular position or movement ranging from 0o to 360o [107]. The GMR sensors are
embedded on both Body Direction Estimator (BDE) of the AP and of the hub (which
is placed in a fixed position on the body, e.g. on Torso). The mechanism of body
direction measurement is as follow. When the hub and AP are inline (i.e. LOS), the
GMR sensor measures 0o angular position. If the body (hence, the hub) moves or
rotates away from LOS position, the GMR sensor generates a certain angular
position reading. This angular information is converted to the associated set of
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adaptive scheme (and eventually converted to the 2-bit angular information) by the
BDE, as defined in Figure 4.1 and Table 4.1.
The measured body direction is not fed back directly to the transmitter. Instead,
depending on which region among the three regions shown in Figure 4.1 the current
body direction belongs to, the corresponding 2-bit angular information is fed back to
the transmitter to select a suitable combination of its modulation, STFC coding rate,
and constellation power. Table 4.1 shows the 2-bit feedback signal corresponding to
the adaptive sets. In other words, the proposed adaptive scheme could be
implemented with a slightly increased system complexity.
Table 4.1 2-bit angular information and the corresponding adaptive sets.

4.3

2-bit feedback signal

Corresponding adaptive set

00

Set-1

01

Set-2

10

Set-3

11

Reserved for future usage

Simple Adaptive WBAN System Model
Figure 4.2 depicts the proposed adaptive STFC MIMO-OFDM UWB system

with 𝑀-TX antennas and 𝑁-RX antennas. The data stream d(n) undergoes
convolutional coding and interleaving, before being mapped to symbols. The body
direction estimator measures the orientation of the body w.r.t. the transmitter. The
angular information is then fed back to the transmitter via a simple feedback loop in
order to adjust its modulation, constellation power, and STFC coding rate
accordingly. The same information is sent to the receiver and the receiver is
instructed to employ the same adaptive scheme as the transmitter. The adaptive
modulation block selects either QPSK or BPSK, while the power control block
adjusts the constellation power based on certain rules as detailed in the next section.
Those parameters are adaptively varied in a way that the average total power and
total data rate over all four body directions are exactly the same as those in a nonadaptive system for a fair comparison. The stream of modulated symbols is then
75

converted by a Serial-to-Parallel (S/P) block into the symbol blocks (or vectors) x̅ =
𝑇

[𝑥1 , 𝑥2 , … , 𝑥𝑁𝑓𝑓𝑡 ] , where 𝑁𝑓𝑓𝑡 is the FFT/IFFT size.

d(n) Convolutional
Encoding &
Interleaver

Adaptive
Modulation

Power
Control

G(i)

S/
P

G(i)

Adaptive
STC
Encoding

Convolutional
Decoding &
De-Interleaver

IFFT & Zero M
Padding
SM

G(i)
Channel
h(i)

Body Direction
Estimator

đ(n)

IFFT & Zero
Padding TX
1
..

Demodulation

P/
S

Zero Padding
Removal &
FFT
RX
1

STC
Decoding

Zero Padding N
Removal &
FFT

Figure 4.2 Simple adaptive STFC MB-OFDM UWB WBAN system model.
The adaptive STFC block creates a space-time code with either full rate, or 3/2rate. For the full rate, it uses the Alamouti code [55] to convert the two consecutive
symbol blocks, denoted as x̅1 and x̅2 , into a STFC block as follows

𝐗 = {x̅𝑡,𝑚 } 𝑇×𝑀 = [

x̅1
x̅2

−x̅2∗
]
x̅1∗

(4.1)

where x̅1 and x̅2 are symbol vectors transmitted from the first and the second antenna
at a given time slot, respectively. (.)* denotes complex conjugate. For 3/2-rate STFC,
three symbol vectors are encoded following the Sezginer-Sari code [58]
𝑎x̅1 +
𝐗 = {x̅𝑡,𝑚 } 𝑇×𝑀 =
[

𝑎x̅2 +

𝑏x̅3
√2
𝑏x̅3
√2

− (𝑐x̅2∗
𝑐x̅1∗

+

+

𝑑x̅3∗

√2
𝑑x̅3∗
√2

)
(4.2)
]

where a, b, c, and d are complex-valued design parameters. Here, we use the
optimum parameters = 𝑐 = √2 , and 𝑏 = 𝑑 = (1 + 𝑗√7)/4 as determined in [58].
The matrix 𝐗 in the general form is as 𝐗 = {x̅𝑡,𝑚 } 𝑇×𝑀 , where the index 𝑡
indicates the time slot and 𝑚 indicates the TX antenna. Each of symbol vectors in the
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matrix 𝐗 is then converted into an 𝑁𝑓𝑓𝑡 -point MB-OFDM symbol by the IFFT block,
resulting in the STFC code matrix 𝐗 𝑂𝐹𝐷𝑀 whose elements are the 𝑁𝑓𝑓𝑡 -point IFFT of
the corresponding symbol vectors x̅𝑡,𝑚 in 𝐗. Further, the input-output relation of the
transmitted and received MB-OFDM symbols for both STFC codes follows the
signal analysis in Eq. (3.2) to Eq. (3.8) of Chapter 3. Whereas the maximum
likelihood decoding of the received symbol in the system employing Alamouti code
follows the analysis in Eq. (3.9) to Eq. (3.13) of Chapter 3.
The ML detection of MB-OFDM symbols employing the Sezginer-Sari code is
slightly different, since this code consists of three symbols x̅1, x̅2 and x̅3. In order to
reduce the complexity of the receiver, the Sezginer-Sari code detection employs two
stage detectors [58]. The first stage computes the intermediate signals resulting in the
estimate of vector symbol x̅3 , followed by the pre-detection of vector symbol x̅1 and
x̅2 given the estimated values of x̅3 are known, and in the second stage ML estimator
is used to finally decode x̅1 , x̅2 and x̅3 [58]. Here, we briefly summarize the ML
detection procedures from [58] as adopted in our proposed system, except that
elements of both transmit and receive signal matrix is a vector of MB-OFDM
symbols. Let us consider 2I2O, in which ℛ is the received signal matrix from the
transmit signal matrix 𝐗. Denote 𝐙 as the matrix of the intermediate signal whose
elements are computed as follow

z̅1 = 𝔯̅1 −

z̅2 = 𝔯̅2 −

z̅3 = 𝔯̅3 −

z̅4 = 𝔯̅4 −

𝑏(𝔥̅11 + 𝔥̅12 ) • x̅3
√2
𝑑(𝔥̅11 + 𝔥̅12 ) • x̅3∗
√2
𝑏(𝔥̅21 + 𝔥̅22 ) • x̅3
√2
𝑑(𝔥̅21 + 𝔥̅22 ) • x̅3∗
√2

(4.3)

(4.4)

(4.5)

(4.6)

for a given value of x̅3 . By mathematical manipulation as analyzed in Eq. (15.a) to
Eq. (16.d) of [58], we use this intermediate signal to calculate the estimate of x̅̃1 and
x̅̃2 conditional on x̅̃3 as follow
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x̅̃1 =

∗
(𝔥̅11
• z̅1 + 𝔥̅∗21 • z̅3 ) (𝔥̅12 • z̅2∗ + 𝔥̅22 • z̅4∗ )
+
𝑎
𝑐∗

= (|𝔥̅11 |2 + |𝔥̅12 |2 + |𝔥̅21 |2 + |𝔥̅22 |2 ) • x̅1

(4.7)

and
x̅̃2 =

∗
(𝔥̅12
• z̅1 + 𝔥̅∗22 • z̅3 ) (𝔥̅11 • z̅2∗ + 𝔥̅21 • z̅4∗ )
−
𝑎
𝑐∗

= (|𝔥̅11 |2 + |𝔥̅12 |2 + |𝔥̅21 |2 + |𝔥̅22 |2 ) • x̅2

(4.8)

As has been explained previously in Section 3.3.2 of Chapter 3, each data point in an
MB-OFDM symbol can be decoded separately rather than jointly [30]. By applying
each element of vector x̅̃1 and x̅̃2 to a threshold detector [58], each data symbol at the
𝑘-th subcarrier, for 𝑘 = 1, … , 𝑁𝐷 can be decoded as follow
𝑥̃1,𝑘 = (|𝔥̅11 |2 + |𝔥̅12 |2 + |𝔥̅21 |2 + |𝔥̅22 |2 )𝑥1,𝑘

(4.9)

𝑥̃2,𝑘 = (|𝔥̅11 |2 + |𝔥̅12 |2 + |𝔥̅21 |2 + |𝔥̅22 |2 )𝑥2,𝑘

(4.10)

and

At this point, we have estimated 𝑥̃1,𝑘 and 𝑥̃2,𝑘 , given symbol 𝑥3,𝑘 is known. Now, to
estimate symbol 𝑥3,𝑘 by the ML detector, we only need to compute the Euclidean
distance for (𝑥̃1,𝑘 , 𝑥̃2,𝑘 , 𝑥3,𝑘 ) to get 𝑥̃3,𝑘 , instead of computing the ML metrics for all
(𝑥1,𝑘 , 𝑥2,𝑘 , 𝑥3,𝑘 ). In other words, the optimum receiver computes 𝒫 operations to
estimate 𝑥3,𝑘 , where 𝒫 is the constellation size. Thus, it only requires a linear ML
detector [58]. Readers may refer to [58] for detailed analysis of the Sezginer-Sari
code detection.
4.4

Direction-based Adaptive WBAN Scheme

4.4.1

Adaptive Algorithm

Our proposed adaptive algorithm employs either QPSK or BPSK for modulation.
In order to be able to achieve higher capacity particularly when the channel exhibit
good SNR, we use two different STFC coding rates, namely coding rate-1 which
employs the Alamouti code, and coding rate-3/2 which utilizes the Sezginer-Sari 3/2
rate code to provide 1.5 higher capacity as compared to capacity supported by the
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Alamouti code. The Sezginer-Sari code requires a linear ML detection and the
complexity is comparable to the Alamouti code [55], [58]. However, the penalty in
term of BER performance with QPSK modulation is 3.8 dB lower than Alamouti
scheme [58]. Therefore, we use this code only in the front body where the signal
reception is expected to be good. The normalized transmitted constellation power
may take one of the three values 0.5, 1, and 1.5. The selection of the adaptive scheme
is carried out in a way that the average data rate and total transmitted power over all
main four directions of the body are maintained exactly equal to those in the nonadaptive system for a fair comparison. It is noted that the non-adaptive STFC
MIMO-OFDM UWB WBAN system employs the Alamouti full rate code, unit
power constellation, and a QPSK modulation. In other words, the following
constraints need to be maintained.
1. Data rate constraint: the lowest density signal constellation (BPSK) is used
for the worst link (270o) in order to improve the system error performance
over this direction. A higher density constellation (QPSK) is used for all other
three directions. The highest rate STFC (rate-3/2) is selected for the best link
(0o) while the rate-1 STFC is selected for all three remaining directions. Thus
the average spectrum efficiency over four main directions is maintained at 2
bits/s/Hz which is exactly the same as that in the non-adaptive system.
2. Power constraint: the unit normalized power is selected for the signal
constellations (QPSK) for the 90o and 180o directions, similarly to that in the
non-adaptive system, while the highest power level (1.5) is selected for the
best link (0o) to compensate for the possible performance degradation caused
by the highest STFC coding rate (3/2) chosen for this direction. The above
power allocation leaves the power of 0.5 for the BPSK signal constellation in
the 270o direction. Thus the total transmitted power over all four main
directions is four which is exactly the same as that in the non-adaptive
system. Equivalently, the unit average transmission power per direction is
maintained in both systems.
The core idea behind the proposed algorithm is that the best channel conveys the
most information with the most power allocated while the worse link carries the least
information. Hence, we define three sets of modulation, transmission power and
STFC coding (see Figure 4.1). Set-1 aims to take advantage of the best channel link
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by maximizing the capacity, i.e. by using the QPSK modulation, STFC code rate 3/2
and normalized transmission power 1.5. Set-2 uses QPSK, STFC code rate 1, and
transmission power 1, and Set-3 uses BPSK, STFC code rate 1, and transmission
power 0.5. The proposed algorithm is summarized in Table 4.2.
Table 4.2 Direction-based adaptive WBAN algorithm
1

Initial setting:
Modulation  QPSK
TX Power  1
STFC code rate  1 (select Alamouti code)

2

for 𝑡𝑂𝑁 : 𝑡𝑂𝐹𝐹 ;

3

Detect angle of the body direction 𝜃

4

Start selection of the set of modulation, STFC, and transmission
power associated with 𝜃

5

If 0 ≤ 𝜃 ≤ 45𝑜 and 315𝑜 ≤ 𝜃 ≤ 360𝑜
Modulation  QPSK
TX Power  1.5
STFC code rate  1.5 (select Sezginer-Sari code)

6

else if 45𝑜 < 𝜃 < 225𝑜
Modulation  QPSK
TX Power  1
STFC code rate  1 (select Alamouti code)

7

else ( 225𝑜 < 𝜃 < 315𝑜 )
Modulation  BPSK
TX Power  0.5
STFC code rate  1 (select Alamouti code)

8

End if;

9

Convert the selected sets into two bits feedback signal

10

Send two bits feedback signal to transmitter via feedback
channel

11

Update the sets of modulation, STFC, and transmission power
of the transmitter and receiver accordingly.

12

End for;
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4.4.2

Decoding Complexity

Let 𝒫 be the constellation size of the MPSK modulator used in Sets 1 and 2 (here
we use QPSK, so 𝒫 is equal to 4). As a result, the constellation size of the BPSK
modulator used in Set-3 is 𝒫/2.
The decoding process of Set-1with QPSK and 3/2 rate STFC is as follows: first
the decoder has to determine x̃3 from four possible symbols in QPSK, prior to
decoding x̃1 and x̃2 symbols. Then, x̃1and x̃2 are decoded independently, given that
x̃3 is known, for every QPSK constellation. Hence, the ML decoding complexity is
the decoding complexity of x̃3 , which is in the order of 𝒫, added with the complexity
of two independent decoding processes of x̃1 and x̃2 given that x̃3 is known, which is
equal to 2𝒫. Thus the overall decoding complexity of Set-1 is in the order of 3𝒫,
which is consistent with the analysis in [58].
Set-2 uses a QPSK modulator with the full rate Alamouti code as the STFC. The
symbols x̃1 and x̃2 are decoded independently for every constellation, leading to a
2𝒫-decoding complexity.
Set-3 uses the full rate Alamouti code in which x̃1 and x̃2 symbols are decoded
independently for every BPSK constellation point. Therefore the ML decoding
𝒫

complexity in Set-3 is 2 × 2 = 𝒫.
There are four possible body directions with three possible adaptive modulation
and coding. If the four body directions are assumed to be equi-probable, i.e., the
probability of each possible direction is 0.25, with the note that Set-2 is used for two
body directions (90o and 180o), the overall complexity of the ML decoding process in
the proposed adaptive scheme is (0.25(3𝒫) + 0.5(2𝒫) + 0.25(𝒫) or 2𝒫, beside
the body direction estimation. It can be inferred that the ML decoding complexity in
our adaptive approach is in the order of 𝒫 or 𝑂(𝒫). It is obvious that the complexity
of this adaptive system only linearly increases with respect to the number of signal
constellations, thanks to relatively simple decoding processes.
4.5

Performance of Direction-Based Adaptive WBAN Systems
In this section, Monte-Carlo simulations, which run on 50,000 OFDM symbols,

are carried out to compare the average BER performance of the adaptive system with
that of the non-adaptive one, assuming perfect channel state estimations are available
at the receiver. The non-adaptive system, as the benchmark, uses QPSK modulation,
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unit normalized transmission power, and the full rate STFC for all body directions
(applied to randomly chosen any body direction). It is assumed that a person wearing
the WBAN devices moves and turns the body in the clock-wise direction against the
transmitter. Channel coefficients are assumed to be constant during each STFC
block, but random between consecutive STFC blocks. The channel realizations are
simulated by the MATLAB program enclosed in the appendix of IEEE 802.15.6
channel modelling subcommittee final document [13]. Moreover, the feedback
channel conveying two-bit information as mentioned previously is assumed error
free. Other simulation parameters are listed in Table 4.3.
Table 4.3 Simulation Parameters
Parameters

Value

FFT & IFFT size 𝑁𝑓𝑓𝑡

128

Length of ZPS 𝑁𝑍𝑃𝑆

37

Convolutional coder (K=7) rate

1/2

Conv. decoder and mode

Viterbi, Hard

Interleaver/De-interleaver

Column-wise written, rowwise read

Average number of paths 𝐿̅ in CM4

400

As mentioned earlier, the effect of body directions to the system performance in
the CM4 UWB WBAN channel is depicted in Figure 3.5 of Chapter 3. It reveals a
significant degradation in the BER performance within almost the whole range of
SNR when the receiver (on the body) turns away from the transmitter. The front
body has a LOS component, resulting in the best performance compared to other
directions of the body. The back of the body (180o direction) suffers from the body
shadowing effect and only receives NLOS multipath signals. The performance is still
reasonably good in the very dispersive channel, particularly with the 2I2O
configuration. Its performance degrades 6 dB for BER = 10-4, compared to the front
body.
Figure 4.3 shows the average performance of the non-adaptive system for both
2I1O and 2I2O configurations. The average BER performance for each MIMO
configuration is calculated over four body directions and used as the benchmark for
comparison with the adaptive system. This average BER performance is shown by
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dotted curves in Figure 4.4 and Figure 4.5 for the ease of comparison with the
proposed adaptive algorithm.

Figure 4.3 Average performance of all body directions of the non-adaptive WBAN
system in CM4 UWB WBAN channel.
Figure 4.4 and Figure 4.5 show the improvement gained by the adaptive scheme,
compared to the non-adaptive one, in both 2I1O and 2I2O configurations. The
average BER of the adaptive scheme shown by a circled-marked solid line is
consistently better than that of the non-adaptive one by about 1-2 dB in a 2I1O
configuration and about 1-3 dB in a 2I2O configuration in the medium-to-high SNR
region, respectively.
If we compare the average BER of the adaptive scheme with the BER of the
worst scenario (270o direction) in the non-adaptive one (cf. square-marked curves in
Figure 3.5 of Chapter 3), the improvement is significantly higher, i.e. 5.5 dB at BER
5×10-2 in the 2I1O configuration and 6 dB at BER 4×10-4 in the 2I2O case.
Comparing to the BER of the best link (0o direction, cross-marked curves in Figure
3.5 of Chapter 3) of the non-adaptive system in both MIMO configurations, as
expected, the averaged BER of the adaptive scheme is slightly worse. This is because
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Figure 4.4 Performance of direction-based 2I1O adaptive WBAN system in CM4
UWB WBAN channel.

Figure 4.5 Performance of direction-based 2I2O adaptive WBAN system in CM4
UWB WBAN channel.
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the adaptive system selects the highest STFC coding rate (3/2) for the 0 o direction in
order to maximize the capacity, with a price of minor performance degradation
compared to the best performance scenario in the non-adaptive case.
It is noted that the aforementioned average BER improvements are achieved
without any increase of the total transmitted power or any sacrifice of the data rate.
In other words, an improvement in the order of 1-3 dB means a possible reduction of
12.5% - 50% of the total transmitted power, while maintaining the same BER
performance and data rate as in the non-adaptive STFC MB-OFDM UWB system.
Due to the fact that power is the main constraint in WBAN applications [1-7], this
power saving will significantly reduce the total power consumption of a WBAN
system and/or reduces the dimension of WBAN devices.
4.6

Conclusions
This chapter proposes a simple, but effective, adaptive STFCMB-OFDM UWB

WBAN system to improve the average BER performance for body-to-external link of
WBAN applications. The novelty of this proposal is the body direction based
adaptive algorithm that controls the sets of modulation schemes, STFC coding rates,
and transmission powers implemented in STFC MB-OFDM UWB WBAN. The core
idea is that a combination of different digital modulation schemes (BPSK, QPSK),
transmission powers, and STFC coding rates is adaptively selected, depending on the
body direction w.r.t. the external transceiver. The adaption is carried out by the
measurement of angles of the body w.r.t. the external transceiver and a simple
feedback mechanism.
Simulation results show that the proposed system can provide a consistent 1-2 dB
improvement in the case of 2I1O configuration, and 1-3 dB improvement in the
medium-to-high SNR region in the case of 2I2O configuration, compared to the nonadaptive system. The improvement practically means a possible reduction of 12.5% 50% of the total transmitted power to achieve the similar performance as the nonadaptive system. In other words, the proposed system can save the power
consumption and prolong the battery life of WBAN devices. We conclude that, with
the price of slightly increased complexity, the proposed system can provide a power
saving and better average BER performance for WBAN applications without
sacrificing the data rate, compared to the non-adaptive one.
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The simple adaptive WBAN mentioned above exhibits a modest performance
improvement compared to the non-adaptive one. In addition, from the user’s
perspective, this adaptive system offers limited adaptation to only three body
directions. Due to the stringent requirements of a WBAN implementation,
particularly in the robustness and energy efficiency issues as outlined in Section 3.2
of Chapter 3, and also in order to provide full adaptation for any angle of body
direction, it is necessary to refine the adaptive schemes in order to further improve
the system performance. Therefore, our consecutive works propose a new
transmission model and an adaptive algorithm based on the measured BER as metric
for adaptation. These works will be elaborated further in the following chapter.

86

CHAPTER 5

BER-BASED ADAPTIVE WIRELESS
BODY AREA NETWORKS

5.1 Introduction
In this chapter, we propose an optimized BER-based adaptive STFC MB-OFDM
UWB system as a high speed physical (PHY) layer for a WBAN system. This
proposed adaptive WBAN scheme is a modification of the aforementioned directionbased adaptive WBAN system (cf. Chapter 4). It is aimed to adapt to any angle of
body direction with 10 resolution, to boost the link reliability and also to increase the
energy efficiency of this system.
This proposed adaptive algorithm selects a suitable set among three possible sets
of modulation, STFC coding rate, and transmission power. The switching between
adaptive schemes is determined by two BER thresholds, namely the lower and upper
thresholds. In order to achieve the optimal performance and power reduction,
optimization of adaptive parameters is conducted in this chapter. Two most
important parameters are optimized, i.e. the f-factor that defines a portion of the
received frame where the BER is measured in order to update the set of adaptive
schemes in the rest of the frame, and the ε-factor which defines the distance between
upper and lower BER thresholds of the adaptive algorithm. This optimized adaptive
scheme results in a performance improvement by up to 6 dB, meaning a possible
75% reduction of the total transmitted power, compared to a non-adaptive WBAN.
The major contributions of this chapter include
 The proposed BER-based adaptive WBAN system working on a frame-byframe basis that significantly improves the performance of a WBAN.
Including in the proposal are the adaptive WBAN system and transmission
model, a novel adaptive algorithm which focuses on adapting the STFC
coding rates in combination with modulation and power control, and an
analysis of the decoding complexity of the algorithm.
 The optimization of adaptive parameters, namely the portion of the frame
where the BER is measured and the adaptive scheme is updated ( f-factor),
and the distance between the upper and lower thresholds of the BER
metric (ε-factor ), in order to obtain an extra performance improvement
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and extra power saving.
Our publications [109], [110] and [111] are based on the content of this chapter.
The chapter is organized as follows. Section 5.2 presents the BER-based adaptive
WBAN scenario. Section 5.3 describes the system model of our proposed adaptive
WBAN system, including the transmission model and the adaptive algorithm. The
optimization of the f and ε parameters is presented in Section 5.4. Performance
evaluation and simulation results are discussed in Section 5.5. Section 5.6 concludes
the chapter.
5.2

BER-based Adaptive WBAN Scenario

Figure 5.1 Adaptive WBAN scenario.
The adaptive WBAN scenario is described in Figure 5.1, assuming that a hub is
placed in front of the body (e.g., in torso). This hub acts as a concentrator collecting
data from various implantable and wearable body sensors via the Channel Model 2
(CM2) and Channel Model 3 (CM3) links [13], [21]. We recall that CM2 is a channel
model characterizing an implant-to-body surface and implant-to-external links. CM3
defines a body surface-to-body surface link for both line of sight (LOS) and non-line
of sight (NLOS) links. The hub is connected to an external gateway or a fixed
Wireless Access Point (WAP) placed on the wall through the CM4 UWB WBAN
channel at the distance 𝑑. For simplicity, let us assume that the body rotates anti
clock-wisely against the wireless access point (WAP). Thus, the CM4 UWB WBAN
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channel characteristics will vary, according to the body direction toward the access
point. Three adaptive schemes are applied to different channels experienced by the
rotating transceiver of the hub on the body toward WAP. In this chapter, we use the
linearly interpolated CM4 UWB WBAN channel model as explained in detail in
Appendix A to evaluate the performance of the proposed adaptive WBAN system. It
is noted that this channel model provides a 10 resolution.
5.3
5.3.1

BER-based Adaptive WBAN System
System Model

Motivated by the fact that the CM4 UWB WBAN channel behaves very
differently in the four main directions (c.f. Table 2.5) resulting in very different
performance, we propose here an adaptive WBAN system to improve the overall
system performance over all body directions. The main idea of the BER-based
adaptive WBAN system is to ensure that the instantaneous system BER never falls
below a certain threshold by changing the modulation, transmission power, and
space-time-frequency coding adaptively to allow the better channel to carry more
information than the worse one.
The adaptive schemes employed requires only three sets of adaptive schemes,
denoted as Set-𝑙 (𝑙 ∈ {1,2,3}). These three schemes have been mentioned in Section
4.4.1 of Chapter 4.
Figure 5.2 depicts the proposed adaptive STFC MIMO-OFDM UWB WBAN
system with 𝑀-transmit antennas and 𝑁-receive antennas. For the performance
comparison purposes, in this chapter, we only consider 2I1O (2 transmit and 1
receive antenna), and 2I2O (2 transmit and 2 receive antenna) MIMO configurations.
The adaptive modulation block selects either QPSK or BPSK, while power control
block adjusts the power. The data stream 𝑑(𝑛) is convolutionally encoded and
interleaved before being mapped to symbols. The stream of modulated symbols is
then converted by a Serial-to-Parallel (S/P) block into the symbol blocks. The
adaptive STFC block creates a space-time-frequency code with either full rate
Alamouti code, or 3/2-rate Sezginer-Sari code. The IFFT convert this symbols stream
into OFDM symbols. The BER estimator measures the channel quality, compares it
with the pre-set thresholds, and decides which adaptive scheme Set-𝑙 (𝑙 ∈ {1,2,3}) to
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Figure 5.2 BER–based adaptive STFC MB-OFDM UWB WBAN system.
be employed. The decided adaptive scheme Set-𝑙 is then converted to 2-bit
information as expressed in Table 4.1 of Chapter 4, and feeds this information back
to the transmitter via a feedback channel, in order to adjust its modulation,
constellation power, and STFC coding rate for the remaining portion of frame
transmission. As assumed earlier, the feedback channel in this case is error free. It is
worth to note that the WBAN systems require minimum transceiver complexity to
conserve the energy, as mentioned in Chapter 2. Therefore, we searched for the least
complex approach to be employed in our adaptive system. Here, we did not consider
a channel estimator because it requires a complex receiver, leading to the increase of
the energy consumption and the implementation cost.
Selection of the adaptive scheme Set-𝑙 is done in a way that the average
throughput and total transmitted power, assuming an equal occurrence probability of
each Set-𝑙, are maintained exactly equal to those in a non-adaptive system for a fair
comparison. Here, the non-adaptive system employs the QPSK, rate-1 STFC, and a
unit normalized power, providing a spectral efficiency of 2 bps/Hz. The reverse
processes takes place in the receiver. Note that the full description of this signal
processing has been provided in Chapters 3 and 4. The signal analysis of this system
follows Eqs. (3.2 - 3.13) of Chapter 3 and Eqs. (4.2 - 4.10) of Chapter 4.
We recall the three adaptive schemes which have been defined in Section 4.4.1 of
Chapter 4, except that the switching between the adaptive schemes in this scenario is
triggered by the measured BER on the corresponding link. These three adaptive
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schemes are the Set-1, aimed to take advantage of the best channel link by
maximizing the throughput, i.e. by employing QPSK modulation, STFC code rate
3/2 and normalized transmission power 1.5, providing a spectral density of 3 bps/Hz;
the Set-2, used for the medium quality channel condition, hence employs the same
scheme as the non-adaptive system, i.e. by using QPSK, STFC code rate 1 and
normalized power 1.0; and the Set-3, which is designed to tackle the worst channel
condition by employing lower spectral density BPSK modulation, STFC code rate
1.0, and normalized power 0.5, providing a spectral efficiency of 1 bps/Hz.
5.3.2

Transmission Model

BER1 Update

Set-2

Set-l

f portion

BER2

Set-2

Update

Set-l

(1 - f) portion

Frame#1

Frame #2,3,...

Figure 5.3 Adaptive frame transmission model.
The proposed transmission model is described in Figure 5.3. For clarity, it is
assumed that a person wearing WBAN devices makes an anti-clockwise angular
movement with respect to a fixed external transceiver. Different angles of the body
direction experience different radio propagation characteristics, leading to different
fading channel [13]. Note, this assumption is also true for any random body direction
as shown in Appendix A. During each frame transmission, the receiver measures the
signal quality, i.e., BER, in the portion f of the frame, (0 < f < 1), where Set-2 is
selected as the default modulation and STFC coding scheme. The measured BER is
not fed back directly to the transmitter. Instead, it will be compared to the pre-set
thresholds (discussed in the next section) to select one out of three possible sets of
adaptive schemes, denoted as Set-𝑙. Hence, only two bits are required to be fed back
to the transmitter to indicate which set of adaptive schemes should be employed by
the transmitter for the remaining (1 – f ) portion of that frame. Note that this Set-𝑙 is
91

known to the receiver. After completion of a frame transmission, the first portion f of
the next frame will utilize Set-2 again, followed by the same procedure as above.
Measuring and updating the adaptive set at the first f % of the frame does not
imply that the first f % of the frame must be the overhead, hence sacrificing f % of
the frame load. Instead, we can put pilot bits in a short time slot at 𝑓 % ×
𝑓𝑟𝑎𝑚𝑒_𝑙𝑒𝑛𝑔𝑡ℎ position, leaving the big part of the first f % portion of the frame to
carry the data. In addition, the feedback link is very simple, i.e., using only a twobits feedback channel to notify the transmitter the pre-set adaptive scheme to be used
for the remaining portion of the frame. As a result, this scheme requires only
minimum overhead of the frame, thus saves the large part of the frame to carry the
useful data.
5.3.3

Adaptive Algorithm

The adaptive scheme is controlled by the measurement of the signal quality, i.e.
BER, at the receiver. In the simulation, the BER is measured by Monte Carlo
approach, i.e. by comparing the output bits of the receiver and the sent bits to find the
error bits. The confidence level of this method depends on the number of bits being
counted. The higher the number of bits involved, the higher the confidence level.
However, in real life this method is impracticable. One of the common method to
quantify the BER in wireless communication is by measuring the Received Signal
Strength Level (RSSL) [112]. The measured BER will then be compared to the BER
thresholds. Two BER thresholds are defined in this chapter, namely upper and lower
thresholds, which determine the selection of one of three possible schemes denoted as
Set-𝑙. The proposed upper and lower thresholds are functions of the non-adaptive
average BER performance used as the benchmark, following the principles mentioned
below.
Two methods are proposed to define the pre-set thresholds that trigger the change
of the adaptive schemes, namely linear and non-linear BER thresholds. The linear
approach defines the lower and upper thresholds, which are below and above the nonadaptive average BER performance respectively and always have a constant distance
from this non-adaptive BER curve within the whole range of the considered Signalto-Noise Ratio (SNR), based on Eqs. (5.1) and (5.2) as follow
(𝑔)

𝐵𝐸𝑅𝐿

(𝑔)

(𝑔)

= 𝐵𝐸𝑅𝑁𝐴 − 𝜀 × 𝐵𝐸𝑅𝑁𝐴
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(5.1)

(𝑔)

(𝑔)

(𝑔)

𝐵𝐸𝑅𝑈 = 𝐵𝐸𝑅𝑁𝐴 + 𝜀 × 𝐵𝐸𝑅𝑁𝐴
(𝑔)

where 𝐵𝐸𝑅𝐿

(𝑔)

(5.2)
(𝑔)

is the lower threshold, 𝐵𝐸𝑅𝑈 is the upper threshold, and 𝐵𝐸𝑅𝑁𝐴 is

the non-adaptive average BER performance for the g-th SNR value; 𝜀 is a constant,
whose value will be optimized later in this chapter.
The non-linear BER thresholds define a smaller deviation w.r.t. to the non-adaptive
average BER performance at low SNRs, and the deviation is non-linearly increased
when the SNR increases. This approach aims to allow a higher occurrence probability
of Set-1, resulting in a higher throughput, when the channel condition is better (higher
SNR). The lower and upper non-linear thresholds are defined as follows
(𝑔)

(𝑔)

(𝑔)

(5.3)

(𝑔)

(𝑔)

(𝑔)

(5.4)

𝐵𝐸𝑅𝐿,𝑛𝑙 = 𝐵𝐸𝑅𝑁𝐴 − 𝜀 × 𝐵𝐸𝑅𝑁𝐴 × (1 + 𝑝) 𝑔
𝐵𝐸𝑅𝑈,𝑛𝑙 = 𝐵𝐸𝑅𝑁𝐴 + 𝜀 × 𝐵𝐸𝑅𝑁𝐴 × (1 + 𝑝) 𝑔

where 𝑝 is a constant. The subscript 𝑛𝑙 denotes the non-linear threshold approach.
The proposed BER-based algorithm for each frame transmission is summarized in
Table 5.1.
Since the decoding process of this BER-based adaptive algorithm is similar to that
direction-based adaptive algorithm (cf. Section 4.4.2 of Chapter 4), except for the
BER channel estimator, thus the decoding complexity in this case is the same with
the decoding complexity mentioned in that Section. Thus, its ML decoding
complexity is in the order of 𝒫 or O(𝒫), 𝒫 is the signal constellation size, that is the
complexity of this adaptive system only linearly increases with respect to the number
of signal constellations.
5.4

Optimization of f and 𝜺 Parameters

The performance of the adaptive system depends on the selected Set-𝑙 on a frameto-frame basis. During the 𝑞 𝑡ℎ frame transmission, where 𝑞 = 0, 1, 2, … , 𝑄 − 1, and
𝑄 is the number of frames, the measurement of BER and adaptation occur during the
𝑓 portion of the frame as described above. Hence, the overall BER of the system is
affected by the selected value of the 𝑓-factor. At the same time, BER is also affected
by the selection of Set-l, which is done by comparing the measured BER of the
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Table 5.1 BER-based adaptive WBAN algorithm
1

Initial setting:
Modulation  QPSK
TX Power  1
STFC code rate  1 (select Alamouti code)

2

Identify 𝑡0 , (𝑡0 is the start of the received frame)

3

for 𝑡0 to 𝑇𝑓𝑟𝑎𝑚𝑒 ; (𝑇𝑓𝑟𝑎𝑚𝑒 is the length of the received frame)

4

while 𝑡 < (𝑡0 + 𝑓𝑇𝑓𝑟𝑎𝑚𝑒 )

5

Set:
Modulation  QPSK
TX Power  1
STFC code rate  1 (select Alamouti code)

6

Measure average BER for duration 𝑡0 to 𝑓𝑇𝑓𝑟𝑎𝑚𝑒

7

Compared the average BER with the BER thresholds

8

otherwise, for (t 0 + fTframe ) to Tframe

9

if 𝐵𝐸𝑅 < 𝐵𝐸𝑅𝐿
Modulation  QPSK
TX Power  1.5
STFC code rate  1.5 (select Sezginer-Sari code)

10 else if 𝐵𝐸𝑅 ≥ 𝐵𝐸𝑅𝐿 and 𝐵𝐸𝑅 ≤ 𝐵𝐸𝑅𝑈
Modulation  QPSK
TX Power  1
STFC code rate  1 (select Alamouti code)
11 else
Modulation  BPSK
TX Power  0.5
STFC code rate  1 (select Alamouti code)
12 end if;
13 Convert the selected sets into two bits feedback signal
14 Send two bits feedback signal to transmitter via feedback channel
15 Update the set of adaptive schemes for the remaining (1 − 𝑓)𝑇𝑓𝑟𝑎𝑚𝑒
of the corresponding frame transmission.
16 end for;
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current received frame portion with the thresholds, which are, in turn, defined by the
𝜀-factor. Hence the system performance depends on both 𝑓 and 𝜀.
In this section, 𝑓 and 𝜀 will be optimized. However, it should be noted that
optimization of the 𝑓-factor is done in the initial stage to find the optimal 𝑓 value
through an exhaustive search. That value is then used as a fixed value to design the
frame structure. We only consider the linear threshold approach because it is simpler
for optimization and, more importantly, it produces a better BER performance
compared to the non-linear threshold approach, as explained in the next section.
Referring to Figure 5.3, it is clear that 0 < 𝑓 < 1. The 𝜀-factor must also be a
fraction (0 < 𝜀 < 1) and the following conditions apply


𝜀 ≠ 0. If 𝜀 = 0, the upper threshold will be equal to the lower threshold
resulting in no threshold (c.f. Eqs. (5.1) and (5.2)).



𝜀 ≠ 1. If 𝜀 = 1, the upper threshold will be equal to twice the benchmark
value, while the lower threshold is equal to 0. This means only two Sets of
adaptive schemes can be accommodated, hence, 𝜀 ≠ 1.

For simplicity, but without loss of generality, we consider a set of limited discrete
values of 𝑓 and 𝜀 as detailed in Eqs. (5.5) and (5.6). Note that 𝑓 and 𝜀 are
independent from each other.
𝑓𝑖 = 0.1𝑖,

𝑖 = 1,2, … ,9

(5.5)

𝜀𝑗 = 0.1j,

𝑗 = 1,2, … ,9

(5.6)

We denote a binary variable 𝑢𝑖𝑞 where 𝑢𝑖𝑞 = 1 if a certain portion of the frame 𝑓𝑖 is
selected to measure the BER, and 𝑢𝑖𝑞 = 0 otherwise. We define a binary variable 𝑣𝑗𝑞
𝑞

where 𝑣𝑗 = 1 if a certain value of 𝜀𝑗 is selected to determine the upper and lower
BER thresholds as mentioned in Eqs. (5.1) and (5.2), and 𝑣𝑗𝑞 = 0 otherwise.
We also denote 𝑧𝑖𝑞 and 𝑤𝑗𝑞 as the costs associated with the selected 𝑓𝑖 and
𝜀𝑗 respectively. The costs here mean the BER performance. Since the maximum
likelihood decoding is used, the cost could be expressed as arg min ‖ℛ − 𝐗 ∘ ℋ‖2𝐹
{x̅𝑡,𝑚 }

(cf. Eq. (3.9) of Chapter 3).
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Our objective is to optimize the overall average BER performance of all 𝑄 frames
by finding an optimal 𝑓 and 𝜀 factors, assuming that frame transmission in every
direction of the body is equally probable. Hence, the total cost function is defined as
𝑄−1 9

9

𝑐𝑜𝑠𝑡 = ∑ ∑ ∑(𝑧𝑖𝑞 ∙ 𝑢𝑖𝑞 + 𝑤𝑗𝑞 ∙ 𝑣𝑗𝑞 )

(5.7)

𝑞=0 𝑖=1 𝑗=1

The first term of Eq. (5.7) represents the average BER performance associated with a
given value of 𝑓, provided that 𝜀 is randomly chosen. The second term of Eq. (5.7) is
likewise for a given value 𝜀, provided 𝑓 is randomly selected.
Note that only a single pair of 𝑓 and 𝜀 values is chosen during each frame
transmission. This is equivalent to selecting a single optimized pair of 𝑢𝑖𝑞 and 𝑣𝑗𝑞
from their possible values. Thus, the constraints are determined by
9

∑ 𝑢𝑖𝑞 = 1, ∀𝑖 = 1,2, … ,9

(5.8)

𝑖=1
9

∑ 𝑣𝑗𝑞 = 1, ∀𝑗 = 1,2, … ,9

(5.9)

𝑗=1

𝑢𝑖𝑞 ≥ 0, 𝑣𝑗𝑞 ≥ 0

(5.10)

It is clear that the above optimization problem is equivalent to minimization of the
total cost function (5.7) subject to the constraints (5.8) - (5.10).
Let we denote vectors
𝐮 = (𝑢10 , . , 𝑢90 , 𝑢11 , . , 𝑢91 , . , 𝑢1𝑄−1 , . , 𝑢9𝑄−1 )𝑇 ∈ {0,1}9𝑄×1

(5.11)

𝐯 = (𝑣10 , . . , 𝑣90 , 𝑣11 , . . , 𝑣91 , . . , 𝑣1𝑄−1 , . . , 𝑣9𝑄−1 )𝑇 ∈ {0,1}9𝑄×1

(5.12)

𝐳 = (𝑧10 , . . , 𝑧90 , 𝑧11 , . . , 𝑧91 , . . , 𝑧1𝑄−1 , . . , 𝑧9𝑄−1 )𝑇 ∈ ℝ9𝑄×1

(5.13)

𝐰 = (𝑤10 , . . , 𝑤90 , 𝑤11 , . . , 𝑤91 , . . , 𝑤1𝑄−1 , . . , 𝑤9𝑄−1 )𝑇 ∈ ℝ9𝑄×1

(5.14)

where ℝ denotes a field of non-negative real numbers. Then, the cost function (5.7)
can be expressed mathematically as
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𝒄𝒐𝒔𝒕 = 𝐳 𝑇 𝐮 + 𝐰 𝑇 𝐯

(5.15)

The first constraint (5.8) can be written as
𝐀𝐮 = 𝟏𝑄

(5.16)

where 𝐀 = 𝐈𝑄 ⨂𝟏𝑇9 ∈ {0,1}𝑄×9𝑄 , 𝐈𝑄 is a 𝑄 × 𝑄 identity matrix , ⨂ denotes the
Kronecker product, and 𝟏9 is an all one 9 × 1 vector. Similarly, (5.9) becomes
𝐀𝐯 = 𝟏𝑄

(5.17)

Thus the optimization problem can be formulated as
min

𝑢,𝑣 ∈ {1,0}9𝑄×1

𝐳𝑇 𝐮 + 𝐰𝑇 𝐯

(5.18)

s.t.
𝐀𝐮 = 𝟏𝑄 , 𝐀𝐯 = 𝟏𝑄
Clearly, (5.18) is a standard linear optimization problem with binary elements
since the vectors 𝐮 and 𝐯 only consist of 0 and 1 entries [113], [114]. To solve the
optimization problem, we exploit the unique characteristic of the matrix 𝐀 by using
the total unimodularity concept. 𝐀 is totally unimodular (TUM) if the determinant of
every square submatrix of 𝐀 has value −1, 0, or 1 [114], [115]. It can be shown that
the constraint matrix 𝐀 is indeed TUM (the proof and the properties of TUM are
given in Appendix C.
From the integer optimization theory, if 𝐀 is TUM and both 𝐮 and 𝐯 are integer
vectors, the extreme points of possible solutions (polyhedron) are integral. Hence,
the optimization problem can be solved using linear programming, for instance,
using a well-known Simplex or Interior point method [113], [114]. Here, we used an
exhaustive search for all possible combinations of discrete values of 𝑓 and 𝜀-factor as
mentioned in Equations (5.5) & (5.6). By using this procedure we get the optimal 𝑓factor of 0.3. This means that the measurement of instantaneous BER should take
place at the first 30% of the frame length and the adaptive scheme will be updated
for the rest of the frame transmission thereon. An optimal 𝜀-factor is also obtained
and equal to 0.6, which means that the distance between lower and upper thresholds
is 3 dB.
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5.5

Performance of BER-Based Adaptive WBAN system

This section compares system BER performances of the non-adaptive system, the
BER-based adaptive WBAN system, and optimized BER-based WBAN adaptive
system. It is assumed that the transmitter completes the transmission of one data
frame after every 15o angular movement of the body, and a perfect channel state
estimation is available at the receiver. Channel coefficients are assumed to be constant
during each STFC block, but random between consecutive STFC blocks [56]. The
channel realizations are created based on our interpolated CM4 UWB WBAN
channel model mentioned in Appendix A, and its MATLAB code is detailed in
Appendix B. MB-OFDM UWB employs a bandwidth of 528 MHz and other
parameters as listed in Table 5.2. The STFCs are implemented in the 2I1O and 2I2O
MIMO configurations. For illustration, the non-optimized adaptive WBAN system
utilize a randomly selected 𝑓 and 𝜀 values, which are 𝑓 equal to 0.25, 𝑝 equal to
0.175, and 𝜀 equal to 0.5 and 0.4 for linear and non-linear threshold approaches,
respectively. As for the optimized adaptive WBAN system, we use the optimal 𝑓 and
𝜀 values as previously mentioned in Section 6.5, i.e. 𝑓 = 0.3 and 𝜀 = 0.6.
Table 5.2 Simulation Parameters.
Parameters

Values

FFT & IFFT size Nfft

128

Number of ZPS NZPS

37

Convolutional coder (K=7) rate

1/2

Conv. decoder and mode

Viterbi, Hard

Figures 5.4 and 5.5 show the average performance of adaptive system for the
2I1O and the 2I2O MIMO configurations, respectively, compared to the average
non-adaptive system performance. Clearly, the proposed adaptive system with both
BER threshold approaches performs better than the non-adaptive system. In the 2I1O
configuration, the improvement in the order of 1 - 2 dB is achieved by non-linear
BER threshold and of 1 - 4 dB by the linear BER threshold within the low-tomedium SNR range where most of the WBAN systems are expected to operate.
These gains show a significant improvement for WBAN applications. This proposed
adaptive system could potentially save the transmission power at a level of 20% 98

Figure 5.4 Performances of the non-optimized adaptive WBAN with the linear and
non-linear thresholds in 2I1O.

Figure 5.5 Performances of the non-optimized adaptive WBAN with the linear and
non-linear thresholds in the 2I2O.
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𝐸

Table 5.3 BER values at 𝑁𝑏 = 14 𝑑𝐵 for different schemes
𝑜

Schemes

2I1O configuration

2I2O configuration

3.27 × 10−2

1.97 × 10−4

threshold

2.66 × 10−2

1.43 × 10−4

Adaptive with linear threshold

2.06 × 10−2

1.22 × 10−4

Non-adaptive WBAN
Adaptive with non-linear

60%, compared to the non-adaptive system. With this level of power reduction, the
adaptive STFC MB-OFDM UWB system could be an energy efficient alternative for
high data rate WBAN applications. It is important to highlight the capability of this
adaptive WBAN in offering much higher data rate, i.e. 1 Gbps, compared to Impulse
Radio (IR) UWB based WBAN systems whose maximum data rate is 15.6 Mbps
[21].
It also can be seen that, in low SNRs, the adaptive WBAN with non-linear BERthresholds performs equally or slightly better than the adaptive system with linear
BER-thresholds. However, in medium to high SNR, the linear BER-threshold
adaptive system is superior to the non-linear BER-threshold adaptive scheme. Table
𝐸

5.3 highlight different system performances of those schemes at 𝑁𝑏 = 14 𝑑𝐵.
𝑜

From Figures 5.4 and 5.5, one can also see that the adaptive system in the 2I2O
configuration provides a slightly less improvement over the non-adaptive one,
compared to the 2I1O configuration. The gain is around 1-2 dB or 20% - 37%
transmission power saving for the linear BER threshold. The non-linear BER
threshold performs slightly worse than the linear BER threshold in the whole SNR
region. The improvement is smaller in the 2I2O configuration since the system
already has a large diversity, so even the non-adaptive WBAN system could take
advantage of it. Nonetheless, if we compare the error performances of the 2I1O and
2I2O configurations, it is intuitive that the application of the proposed adaptive
schemes in the 2I2O configuration provides much better link quality up to BER of
10−4, which is suitable for more stringent QoS applications.
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Figure 5.6 Throughput of the non-optimized adaptive WBAN with the linear and
non-linear thresholds in the 2I1O and 2I2O configurations.
To compare the effects of the linear and non-linear BER thresholds used in the
adaptive algorithm, the average normalized throughput are taken from 24 different
body directions ranging from 0o to 360o as shown in Figure 5.6. Delays of the
channel quality measurement, feedback, and frame transmission are considered
negligible since the distance between the transmitter and the receiver is around 2 - 5
m in a body-to-external WBAN link. Hence, the throughput is not affected by those
delays. At low SNRs, Set-3 with a lower spectral efficiency is most likely employed,
resulting in a lower throughput for both linear and non-linear BER threshold
scenarios. At high SNR values, higher spectral efficiency adaptive schemes, i.e., Set1 and Set-2, are employed more frequently, leading to a higher throughput
approaching the non-adaptive throughput of 2 bps/Hz. However, the gap between the
non-adaptive and adaptive throughputs is still significant, even at the high SNR.
From Figure 5.6, one can realize that, within the 𝐸𝑏 ⁄𝑁𝑜 range of 0 - 6 dB for
2I1O and 0 - 1 dB for 2I2O, the linear BER threshold approach tends to have a
higher throughput than the non-linear BER threshold. Thus, its BER performance
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within these ranges is slightly worse than that of the non-linear BER threshold
approach. This slight performance difference between the two approaches can be
seen clearly in Figures 5.4 and 5.5. These are due to the fact that at low SNRs, the
distance between the upper and lower threshold to the benchmark non-adaptive
performance curve is smaller in the non-linear threshold, compared to that in the
linear approach. Hence, at low SNRs, the adaptive WBAN system with the nonlinear threshold utilizes the adaptive scheme Set-3 more frequently rather than other
sets.
Figures 5.7 and 5.8 present the additional performance improvement achieved by the
optimization of 𝑓 and 𝜀 parameters. Particularly, Figure 5.7 compares the
performances of the optimized and non-optimized adaptive systems in the 2I1O
MIMO configuration, and Figure 5.8 compares their performances in the 2I2O
MIMO configuration. In the medium to high SNR range, the non-optimized adaptive
2I1O MIMO system provides a 1 - 4 dB gain over the non-adaptive counterpart (cf.
Figure 5.4). The optimized adaptive WBAN system enhances the performance
further by 1 - 2 dB in the whole SNR range (cf. Figure 5.7). Meanwhile, the nonoptimized adaptive 2I2O MIMO WBAN provides a near constant 1 - 2 dB gain in the
whole range of SNR, compared to the non-adaptive WBAN (cf. Figure 5.5). Again,
optimizing the f and 𝜀 parameters provides an additional 1 - 2 dB improvement (cf.
Figure 5.8). Therefore, in these two MIMO configurations, the optimized adaptive
WBAN systems perform around 2 dB better than the non-optimized adaptive
WBAN, and up to 6 dB better than the non-adaptive WBAN system.
To highlight the improvements which can be achieved by optimizing adaptive
parameters, Tables 5.4 and 5.5 indicate the required 𝐸𝑏 /𝑁𝑜 to achieve a specific BER
level. Table 5.4 shows the improvement of 4.1 dB and 5.7 dB of both adaptive and
optimized adaptive schemes over the non-adaptive one at BER around 10−2 of 2I1O
configuration, respectively. At this BER level, the optimized adaptive scheme
provides 1.6 dB additional gains to the adaptive WBAN system.
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Figure 5.7 Performance of the optimized adaptive WBAN compared to the adaptive
and non-adaptive WBAN systems in 2I1O.

Figure 5.8 Performance of the optimized adaptive WBAN compared to the adaptive
and non-adaptive WBAN systems in 2I2O.
103

Table 5.4 Required 𝐸𝑏 /𝑁𝑜 of the 2I1O configuration at BER = 2.27 × 10−2
𝐸𝑏 /𝑁𝑜 (dB)

Improvement (dB)

Non-adaptive WBAN

18.2

-

Adaptive WBAN system

14.1

4.1

Optimized Adaptive WBAN

12.5

5.7

Schemes

Table 5.5 shows the improvement in the order of 1.9 dB and 3.6 dB of both
schemes over the non-adaptive one at BER around 10−2 in the 2I1O configuration.
At this BER level, the optimized adaptive scheme provides 1.7 dB further
improvements to the adaptive WBAN system.
Table 5.5 The required 𝐸𝑏 /𝑁𝑜 of the 2I2O configuration at BER = 2 × 10−4
𝐸𝑏 /𝑁𝑜 (dB)

Improvement (dB)

Non-adaptive WBAN

14.0

-

Adaptive WBAN system

12.1

1.9

Optimized Adaptive WBAN

10.4

3.6

Schemes

Translating those improvements to the power saving, the optimized adaptive
approach provides a power consumption reduction of up to 37% and 75%, compared
to the two counterparts, respectively. Overall, the schemes achieve the aim, i.e., to
gain a better BER performance for high data rate WBAN applications with a
reasonably high throughput.
5.6

Conclusions

This chapter proposes a novel optimized BER-based adaptive STFC MB-OFDM
UWB WBAN system. It is designed to improve the average bit error performance for
high data rate applications while maintaining a reasonably high throughput in bodyto-external links of a WBAN. The proposed adaptive WBAN comprises two novel
components, namely the BER estimation-based adaptive scheme, and the
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optimization of its adaptive parameters, i.e., f and 𝜀 factors, in order to obtain an
extra improvement, hence enhancing the performance further. The adaptive system is
evaluated over the linearly interpolated CM4 UWB WBAN channel with a 10
resolution.
The proposed adaptive WBAN system provides a significant gain of up to 4 dB,
compared to the non-adaptive one. By the optimization of its adaptive parameters (f
and 𝜀 factors), the system performance could be improved further. Simulation results
show that the proposed optimized adaptive WBAN system can achieve up to 2 dB
gain over the adaptive WBAN, thus providing up to 6 dB gain over the non-adaptive
one. This improvement is equivalent to a reduction of the transmission power by up
to 37% compared to the non-optimized adaptive WBAN, and up to 75% compared to
the non-adaptive WBAN system. The improvements provide critical power reduction
to WBAN devices, thus significantly extending the battery life and enhancing the
reliability of WBAN services. Consequently, the proposed adaptive WBAN system
could be one of feasible effective high speed WBAN platform.
One of important observations from the aforementioned results is the performance
gain which can be used to conserve the transmission power. It is well known, that
due to the limited power sources of WBAN systems, energy efficiency in such a
short range wireless communication plays a pivotal role in the network design
considerations. Thus, it is imperative to investigate the total energy consumption,
including energy consumption in the circuitry, of this proposed adaptive WBAN
system in order to analyze and to maximize its energy efficiency, while maintaining
a satisfactory level of performance. Therefore, the next chapter addresses these issues
with the purpose of demonstrating that the proposed adaptive WBAN scheme is not
only capable of providing an improved bit error performance, but also possesses
better energy efficiency, compared to the non-adaptive one. These features are vital
for enhancing a WBAN network’s lifetime while maintaining a good level of service
quality.
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CHAPTER 6

ENERGY EFFICIENCY OF ADAPTIVE
WBAN SYSTEMS

6.1

Introduction

This chapter investigates the energy efficiency of the adaptive WBAN system in
both 2I1O and 2I2O MIMO configurations. The chapter considers not only the
transmission power, but also the power consumed in the circuitry. The circuitry
power consists of the rate-independent power consumptions, e.g., power consumed
in the transceiver’s components, such as mixer, filter, Low Noise Amplifier (LNA),
Analog-to-Digital Converter (ADC) and Digital-to-Analog (DAC), and the ratedependent power consumption in channel encoders and decoders, including STFC
encoders and decoders [87], [88]. In this thesis, the energy efficiency is measured by
the total energy consumption to transmit the message per bit (TEPB) in (J/b) [88].
The lower TEPB represents better energy efficiency of a communication system. The
energy efficiency of the adaptive WBAN system is evaluated as a function of
distance between a hub and a Wireless Access Point (WAP) in comparison with the
non-adaptive one in the same environment. It is found that the optimized adaptive
WBAN system substantially outperforms the non-adaptive one in terms of energy
efficiency. Furthermore, the relation between energy efficiency and spectral
efficiency of the adaptive WBAN system is also investigated in this chapter. It is
shown that the 2I2O configuration provides a superior performance in terms of
energy efficiency, compared to the 2I1O configuration, at any distance due to its
higher diversity order and its array gain.
The contributions of this chapter are as follows


Investigation and analysis of the energy efficiency model of the proposed
adaptive WBAN system. This includes analysis of the energy efficiency
of every set of adaptive schemes, and analysis and maximization of the
overall energy efficiency of the optimized adaptive WBAN system,



Investigation and analysis of the relation between spectral efficiency and
energy efficiency of the proposed optimized adaptive WBAN system, and



Performance evaluation via simulations of the proposed optimized
adaptive WBAN system in terms of energy efficiency, and in terms of
relation between spectral efficiency and energy efficiency.
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The content of this chapter has been published in [116].
The structure of this chapter is organized as follows. The analysis of the energy
efficiency of this adaptive system is presented in Section 6.2. Section 6.3 describes
the relation between energy efficiency and spectral efficiency of the adaptive WBAN
system. Numerical evaluations are given in Section 6.4 to illustrate the improvement,
in term of energy efficiency, provided by the proposed adaptive system. Finally,
Section 6.5 concludes the chapter.
6.2

Energy Efficiency Analysis of Adaptive WBAN System

The energy efficiency 𝐸𝑖 associated with the employed adaptive scheme Set-𝑖, 𝑖 ∈
{1,2,3}, is considered as the ratio between the total power consumption and total
transmitted data rate in that scheme [87], [88] as follows
𝐸𝑖 =

𝑃𝑇𝑜𝑡,𝑖
𝑅𝑖

𝐽𝑜𝑢𝑙𝑒
(
)
𝑏𝑖𝑡

(6.1)

where 𝑃𝑇𝑜𝑡,𝑖 and 𝑅𝑖 are the total power consumption and transmitted data rate in the
scheme Set-𝑖, respectively. Note that 𝑅𝑖 is equal to 𝐵Γ𝑖 , where Γ𝑖 is the spectral
efficiency (or normalized capacity) in bps/Hz of the scheme Set-𝑖 and 𝐵 is the system
bandwidth. The total power consumed during transmission of the data rate 𝑅𝑖
consists of the power dissipated in the circuitry 𝑃𝐶,𝑖 and power consumed in the
power amplifier (PA) 𝑃𝑃𝐴,𝑖 . Let us assume that 𝑃𝐶 comprises a rate-independent
power 𝑃, which is consumed in the parts of the transceiver, including adaptive
modulation and power control, and a rate-dependent power 𝑃(𝑅𝑖 ) that is dissipated,
for instance, in the channel encoder/decoder and STFC encoder/decoder. 𝑃(𝑅𝑖 ) is
assumed to increase linearly with 𝑅𝑖 , i.e. 𝑃(𝑅𝑖 )~𝜗𝑅𝑖 , where 𝜗 is a constant [88].
Then, the circuitry’s power is
𝑃𝐶,𝑖 = 𝑃 + 𝜗𝑅𝑖

(6.2)

The power dissipated in the amplifier in order to transmit the data rate 𝑅𝑖 is
𝜉
𝑃𝑃𝐴,𝑖 = ( ⁄𝜂) × 𝑃𝑇,𝑖
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(6.3)

where 𝜉 is the peak-to-average power ratio (PAPR), 𝜂 is the drain efficiency of the
power amplifier, and 𝑃𝑇,𝑖 is the average transmission power. Then the total power
consumption is
𝜉
𝑃𝑇𝑜𝑡,𝑖 = 𝑃𝐶,𝑖 + 𝑃𝑃𝐴,𝑖 = 𝑃 + 𝜗𝑅𝑖 + ( ⁄𝜂) × 𝑃𝑇,𝑖

(6.4)

For simplicity, it is assumed that the path loss 𝑃𝐿𝑖 between transmitter and receiver
associated with the scheme Set-𝑖 follows a log normal distribution [112]
𝑃𝐿𝑖 (𝑑𝐵) = 𝑃𝐿𝑜 + 10𝑛𝑖 log10

𝑑
+ 𝑆𝑖
𝑑𝑜

(6.5)

where 𝑃𝐿𝑜 is the path loss at the reference point 𝑑𝑜 , 𝑛𝑖 is the path loss exponent of
the link, and 𝑆𝑖 (dB) is the shadowing component of the link, which is a zero mean
Gaussian random variable with a standard deviation 𝜎𝑖 . The instantaneous Signal to
𝑃

Noise Ratio (SNR) at the receive antenna is 𝛽𝑖 = 𝑃 𝑅,𝑖 , where 𝑃𝑅,𝑖 is the received
𝑁,𝑖

signal power, and 𝑃𝑁,𝑖 = 𝑁𝑜 𝐵𝑁𝑓 is the total noise power at the receiver in this link
[112]. 𝑁𝑜 = 174 𝑑𝐵𝑚/𝐻𝑧 is the two sided noise spectral density [74], [112], and 𝑁𝑓
is the noise figure. If 𝛽𝑖̅ is the average SNR at the receive antenna to achieve a
targeted symbol error rate (SER) in the link-𝑖, then the average transmit power 𝑃̅𝑇,𝑖 to
satisfy this requirement is depended on the average received power 𝑃̅𝑅,𝑖 and the path
loss experienced by the link as defined by
𝑃𝐿𝑜

𝑃̅𝑇,𝑖

𝑆
10( 10 )
( 𝑖)
= 𝑃̅𝑅,𝑖 ( 𝑛𝑖 ) 𝑑𝑛𝑖 10 10
𝑑𝑜

(6.6)

From equations (6.1), (6.4), and (6.6), the energy efficiency of the link-𝑖 𝐸𝑖 is defined
as follow
𝑃𝐿𝑜

(
)
𝑆𝑖
𝑃 + 𝜗𝑅𝑖
𝜉⁄ 𝑃̅𝑅,𝑖 10 10
𝐸𝑖 =
+ ( 𝜂)
( 𝑛𝑖 ) 𝑑 𝑛𝑖 10(10)
𝑅𝑖
𝑅𝑖
𝑑𝑜
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(6.7)

The first part of 𝐸𝑖 is the circuitry energy consumption per bit, and the second part is
the transmission energy per bit. With little manipulation, (6.7) can be rewritten as a
function of 𝛽𝑖̅ as below
𝑃𝐿𝑜

(
)
𝑆𝑖
𝑃 + 𝜗𝑅𝑖
𝜉⁄ 𝛽𝑖̅ 𝑁𝑜 𝐵𝑁𝑓 10 10
𝐸𝑖 =
+ ( 𝜂)
( 𝑛𝑖 ) 𝑑 𝑛𝑖 10(10)
𝑅𝑖
𝑅𝑖
𝑑𝑜

(6.8)

As aforementioned, the adaptive WBAN system employs three sets of adaptive
schemes, Set-𝑖, 𝑖 ∈ {1,2, 3}. Those adaptive schemes will be evaluated in the 2I1O
and 2I2O MIMO configurations. Let us assume that perfect channel knowledge is
known at the receiver, but unknown to the transmitter. A maximum likelihood
detector is employed at the receiver. The SNR 𝛾𝑖 at the input of the detector is [56],
[57]
ℳ

1
𝛾𝑖 = ∑ |ℎ𝑚 |2 𝛽𝑖
𝐷

(6.9)

𝑚=1

where ℳ is the maximum number of channels between the transmitter and the
receiver, and ℎ𝑚 is the channel gain. The symbol error probability 𝑃𝑒,𝑖 at the detector
is [56], [74]

𝑃𝑒,𝑖

̅𝑒,𝑖 𝑄 (√
=𝑁

2
𝛾𝑖 𝑑𝑚𝑖𝑛,𝑖
)
2

(6.10)

̅𝑒,𝑖 is the number of neighbourhoods in the modulation constellation, and
where 𝑁
𝑑𝑚𝑖𝑛,𝑖 is the minimum Euclidean distance of the signal constellation, respectively.
By applying a Chernoff bound, i.e. 𝑄(𝑥) ≤ 𝑒 −

𝑥 2⁄
2,

the upper bound of (6.10) is

obtained as follows [56]

𝑃𝑒,𝑖

ℳ

̅𝑒,𝑖 𝑒 −(∑𝑚=1|ℎ𝑚|
≤𝑁

𝑑2
2 )𝛽 𝑚𝑖𝑛,𝑖
𝑖 4ℳ

(6.11)

Assuming ℎ𝑚 is an independent zero-mean circulant symmetric complex Gaussian
(ZMCSCG), then the average symbol error probability 𝑃̅𝑒,𝑖 is the expected values of
𝑃𝑒,𝑖 , i.e., 𝑃̅𝑒,𝑖 = 𝐸{𝑃𝑒,𝑖 } which is upper bounded by [56]
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ℳ

̅𝑒,𝑖 ∏
𝑃̅𝑒,𝑖 ≤ 𝑁
𝑖=1

6.2.1

1
2
𝛽𝑖 𝑑𝑚𝑖𝑛,𝑖
1 + 4ℳ

(6.12)

Energy Efficiency of the 2I1O Configuration

In this configuration, the numbers of transmit antennas 𝑀 and receive antennas 𝑁
are equal to 2 and 1, respectively. Thus, the maximum number of channels between
the transmitter and receiver is ℳ = 𝑀 = 2. In a high SNR region (𝛽𝑖 ≫ 1), the
average symbol error probability of this MIMO configuration in (6.12) becomes
−2

𝑃̅𝑒,𝑖

2
𝛽𝑖 𝑑𝑚𝑖𝑛,𝑖
̅
≤ 𝑁𝑒,𝑖 (
)
8

(6.13)

Set-1 and Set-2:
Set-1 utilizes the QPSK modulation and the Sezginer-Sari code, and Set-2
̅𝑒,𝑖 = 2, and
employs the QPSK modulation and the Alamouti code. In both sets, 𝑁
𝑑𝑚𝑖𝑛,𝑖 = √2. Therefore, from (6.13), the upper bound of symbol error probability is
−2

𝑃̅
( 𝑅𝑅,𝑖 )
𝑖

𝑃̅𝑒,𝑖 ≤ 2

(6.14)

4𝑁𝑜
(

)

where 𝑖 ∈ {1,2}. Therefore, the average power at the receive antenna required to
achieve a target SER 𝑃̅𝑒,𝑖 is
4𝑅𝑖 𝑁𝑜

𝑃̅𝑅,𝑖 =

(6.15)

√0.5𝑃̅𝑒,𝑖
By substituting (6.15) into (6.7), the energy efficiency for Set-1 and Set-2 in this
2I1O configuration for the target SER 𝑃̅𝑒,𝑖 is

𝐸𝑖=1,2

𝑃 + 𝜗𝑅𝑖
𝜉
=
+ ( ⁄𝜂 )
𝑅𝑖

𝑃𝐿𝑜

10( 10 ) 𝑛 ( 𝑆𝑖 )
( 𝑛𝑖 ) 𝑑 𝑖 10 10
𝑑𝑜
√0.5𝑃̅𝑒,𝑖
4𝑁𝑜
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(6.16)

Set-3:
Set-3 employs the BPSK modulation and the Alamouti code. It is assumed that an
̅𝑒,𝑖 = 1 and 𝑑𝑚𝑖𝑛,𝑖 =
antipodal signal is used for the BPSK modulation. This means 𝑁
2. In a high SNR region (𝛽𝑖 ≫ 1), the upper bound of the average probability of
symbol errors in (6.12) becomes
̅
𝑃
( 𝑅,𝑖 )

−2

𝑅
𝑃̅𝑒,𝑖 ≤ ( 2𝑁𝑖 )

(6.17)

𝑜

Here, 𝑖 ∈ {3}. The average received power required for the target SER 𝑃̅𝑒,𝑖 is
𝑃̅𝑅,𝑖 =

2𝑅𝑖 𝑁𝑜

(6.18)

√𝑃̅𝑒,𝑖
Energy efficiency of Set-3 in this MIMO configuration can be found by applying
(6.18) to (6.7) and equivalent to
𝑃𝐿𝑜

𝐸𝑖=3

6.2.2

(
)
𝑆𝑖
𝑃 + 𝜗𝑅𝑖
𝜉⁄ 2𝑁𝑜 10 10
=
+ ( 𝜂)
( 𝑛𝑖 ) 𝑑 𝑛𝑖 10(10)
𝑅𝑖
𝑑𝑜
√𝑃̅𝑒,𝑖

(6.19)

Energy Efficiency of the 2I2O Configuration

In this configuration, the maximum number of links between the transmitter and
receiver ℳ = 𝑀 = 𝑁 = 2. In a high SNR region (𝛽𝑖 ≫ 1), the average symbol error
probability becomes [56]
−𝑀𝑁

𝑃̅𝑒,𝑖

2
𝛽𝑖 𝑑𝑚𝑖𝑛,𝑖
̅
≤ 𝑁𝑒,𝑖 (
)
4𝑀

−4

2
𝛽𝑖 𝑑𝑚𝑖𝑛,𝑖
̅
≤ 𝑁𝑒,𝑖 (
)
8

(6.20)

Set-1 and Set-2:
Using the same method mentioned in Sub-section 6.2.1, the upper bound of the
average symbol error rate is given by
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−4

𝑃̅
( 𝑅𝑅,𝑖 )
𝑖

𝑃̅𝑒,𝑖 ≤ 2

(6.21)

4𝑁𝑜
(

)

where 𝑖 ∈ {1,2}. Thus, the average power at the receive antenna required to achieve
the target SER 𝑃̅𝑒,𝑖 in these schemes is provided as
𝑃̅𝑅,𝑖 =

4𝑅𝑖 𝑁𝑜

(6.22)

4

√0.5𝑃̅𝑒,𝑖

By replacing (6.22) in (6.7), the energy efficiency for Set-1 and Set-2 in this 2I2O
configuration is

𝐸𝑖=1,2 =

𝑃+𝜗𝑅𝑖
𝑅𝑖

𝜉
+ ( ⁄𝜂 ) 4

𝑃𝐿

4𝑁𝑜

√0.5𝑃̅𝑒,𝑖

(

( 𝑜)
10 10
𝑛
𝑑𝑜 𝑖

𝑆𝑖

) 𝑑 𝑛𝑖 10(10)

(6.23)

Set-3:
Using the same methods mentioned in Sub-section 6.2.1, the upper bound of the
average symbol error rate is
−4

𝑃̅
( 𝑅𝑅,𝑖 )
𝑖

𝑃̅𝑒,𝑖 ≤

(6.24)

2𝑁𝑜
(

)

where 𝑖 ∈ {3}. The average power at the receive antenna required for the target SER
𝑃̅𝑒,𝑖 is
𝑃̅𝑅,𝑖 =

2𝑅𝑖 𝑁𝑜

(6.25)

4

√𝑃̅𝑒,𝑖

The energy efficiency of Set-3 is found by applying (6.25) to (6.7)

𝐸𝑖=3 =

𝑃+𝜗𝑅𝑖
𝑅𝑖

𝑃𝐿𝑜

(
)
𝑆𝑖
2𝑁
10 10
𝜉
+ ( ⁄𝜂) 4 𝑜 ( 𝑛𝑖 ) 𝑑 𝑛𝑖 10(10)
𝑑

√𝑃̅𝑒,𝑖
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𝑜

(6.26)

6.2.3

Energy Efficiency of the Adaptive WBAN System

As mentioned in detail in Chapter 5 (and [110-111]), in the optimized adaptive
system, one set of adaptive schemes is employed over a portion of a frame, which
could possibly change to a different scheme for the transmission of the remaining
part of that frame. During transmission of the 𝑞 𝑡ℎ frame, where 𝑞 = 0, 1, 2, … , 𝑄 − 1,
and 𝑄 is the number of frames, a full body rotation, i.e., 360𝑜 , may generate several
frame transmissions, depending on the rotation speed. Performance of the adaptive
system in terms of energy efficiency depends on the selected adaptive scheme Set-𝑖
on a frame-to-frame basis. Denote the connectivity between a body worn transceiver
(or hub) and the external access point at a certain body direction (or in the associated
link 𝑖) and the 𝑞 𝑡ℎ frame as 𝐶𝑖𝑞 , we have
𝐶𝑖𝑞 = {

1, if Set 𝑖 is selected on the 𝑞 𝑡ℎ frame
0,
otherwise

(6.27)

The transmitted data rate 𝑅𝑖𝑞 in the associated link 𝑖 and the 𝑞 𝑡ℎ frame is determined
by
𝑅𝑖𝑞 ≤ 𝐵Γ𝑖𝑞

(6.28)

where Γ𝑖𝑞 is the spectral efficiency of Set-𝑖 of the 𝑞 𝑡ℎ frame, and 𝐵 is the system
bandwidth. Thus, the average energy efficiency per frame, 𝐸̅𝑇 , of the adaptive
WBAN system is calculated as
𝑄−1 3

𝑄−1 3

𝑞

1
1
𝑃𝑇𝑜𝑡 (Γ𝑖 )
𝐸̅𝑇 = ∑ ∑ 𝐶𝑖𝑞 𝐸𝑖𝑞 = ∑ ∑ 𝐶𝑖𝑞
𝑄
𝑄
𝐵Γ𝑖𝑞
𝑞=0

𝑖

𝑞=0

(6.29)

𝑖

where 𝐸𝑖𝑞 is the energy efficiency of Set-𝑖 of the 𝑞 𝑡ℎ frame.
In order to maximize the energy efficiency of the system, given the symbol error
rate (SER) not exceeding the target SER, the adaptive WBAN scheme is to be
selected appropriately. It is worth to mention the difference between optimization of
adaptive WBAN system in Section 5.4, and the optimization in term of energy
efficiency here. The former was done based on the BER performance to find the
optimum f and 𝜀 factors. Whereas, the latter is carried out on the already optimized
adaptive WBAN system (c.f. Section 5.4) in order to maximize the energy efficiency
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of an adaptive WBAN implementation. The optimization is conducted by selecting
an adaptive scheme from three possible schemes which generates the minimum
energy consumption to be employed in the current frame and each subsequent frame,
given the target SER is met. Thus, this optimization process is equivalent to
minimizing the average energy consumption per frame 𝐸̅𝑇 as follow
𝑄−1 3

𝑞
1
𝑞 𝑃𝑇𝑜𝑡 (Γ𝑖 )
̅
min 𝐸𝑇 = min
∑ ∑ 𝐶𝑖
𝑖∈{1,2,3}
𝑖∈{1,2,3} 𝑄
𝐵Γ𝑖𝑞
𝑞=0

(6.30)

𝑖

s.t.
∑ 𝐶𝑖𝑞 = 1, ∀ 𝑖 ∈ {1,2,3},

𝐶𝑖𝑞 ∈ [0,1]

(6.31)

𝑖

Γ𝑖𝑞 ∈ Γ, where Γ = {1,2,3}

(6.32)

𝑄−1 3
𝑞

∑ ∑ 𝐸̅𝑇 𝑅𝑖 ≤ available energy

(6.33)

𝑞=0 𝑖=1

From (6.30) it can be seen that min 𝐸̅𝑇 can be found by selecting the minimum
𝑖∈{1,2,3}

value of ∑3𝑖=1 𝐶𝑖𝑞

𝑞
𝑃𝑇𝑜𝑡 (Γ𝑖 )
𝑞
𝐵Γ𝑖

in each frame transmission. In other words, maximizing the

average energy efficiency of the adaptive WBAN system is equivalent to selecting an
adaptive scheme with the minimum energy consumption to be employed in the
current frame and each subsequent frame, given the target SER is met. Because there
are only three possible adaptive schemes to choose from in every frame transmission
as given by the constraint in (6.32), thus the exhaustive search can be utilized
without implying a hefty computational load [114]. For instance, when channel
exhibits a specific SNR or BER, the adaptive algorithm select the most energyefficient adaptive scheme by comparing the least total energy consumed by each of
the three possible Set-𝑖, given its spectral efficiency (hence, the capacity) is known.
It is important to note that the total energy consumed for transmission of all frames
must not exceed the available energy provided by the energy resource (e.g. battery),
as given by Eq. (6.33).
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6.3

Relation between Energy Efficiency and Spectral Efficiency in Adaptive
WBAN System

Energy efficiency is a critical issue in WBAN design due to limited power
resources of WBAN devices or nodes and impracticality to replace batteries
frequently, particularly the implant nodes. As a matter of fact, increasing energy
efficiency always conflicts with improving spectral efficiency [56], [74]. Therefore,
energy efficiency and spectral efficiency cannot be optimized simultaneously [74].
Luckily the proposed adaptive WBAN system has high capacity, compared to the
capacity requirement of the current and foreseeable future WBAN applications [109111]. Therefore, in Chapter 6 (see also [109-111]), we have optimized the BER
performance of the proposed adaptive WBAN system, given the capacity as
constraint, without taking the energy consumption issue into consideration. This
optimization gave us a favorable BER performance compared to the performance of
the non-adaptive WBAN system.
The following sections provide further performance analysis of the proposed
adaptive WBAN system from the energy efficiency perspective in relation to its
spectral efficiency, which has not been considered so far in this thesis.
6.3.1

Energy Efficiency vs Spectral Efficiency in 2I1O Configuration

The spectral efficiency of the 2I1O configuration in bps/Hz when the channel
coefficients are unknown to the transmitter [56 Eq. (4.30)] is
Γ2I1O = log 2 (1 +

𝐸𝑠
‖𝒉‖2𝐹 )
𝑀𝑁𝑜

(6.34)

where 𝒉 is the channel vector, and ‖∙‖𝐹 is the Frobenius operation. ‖𝒉‖2𝐹 is assumed
to be equal 1 [56]. From the link budget G = 1/PL (i.e. 𝐺 (𝑑𝐵) = −𝑃𝐿 (𝑑𝐵)),
following Eq. (6.5) and using the relation in (6.3) and (6.6), (6.34) can be rewritten
as

Γ2I1O

𝜂
𝐺 ( ⁄𝜉 ) 𝑃𝑃𝐴
= log 2 (1 +
)
𝑀𝐵𝑁𝑜
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(6.35)

Denote Γ2I1O = Γ𝑖 , then from (6.35), we have 𝑃𝑃𝐴 =

𝑀𝐵𝑁𝑜
𝐺

𝜉
( ⁄𝜂 ) (2Γ𝑖 − 1). Thus,

the energy efficiency as a function of the spectral efficiency of the adaptive WBAN
system in the 2I1O configuration can be found by applying (6.35) to (6.1) and (6.5)

𝐸𝑖,2I1O (Γ𝑖 ) =
6.3.2

(2Γ𝑖 − 1)
𝑃 + 𝜗𝐵Γ𝑖 𝑀𝑁𝑜 𝜉
+
( ⁄𝜂 )
𝐵Γ𝑖
𝐺
Γ𝑖

(6.36)

Energy Efficiency vs Spectral Efficiency in 2I2O configuration

The maximum spectral efficiency of orthogonal 2I2O channels in bps/Hz when
the channel coefficients are unknown to the transmitter [56, Eq. (4.33)] is
Γ2I2O = ℳlog 2 (1 +

𝐸𝑠
)
𝑁𝑜

(6.37)

where ℳ = 𝑀 = 𝑁. From the link budget, the spectral efficiency of 2I2O is

Γ2I2O

𝜂
𝐺 ( ⁄𝜉 ) 𝑃𝑃𝐴
= 𝑀log 2 (1 +
)
𝐵𝑁𝑜

Denote Γ2I2O = Γ𝑖 , from (6.38), we have 𝑃𝑃𝐴 =

𝐵𝑁𝑜
𝐺

(6.38)

Γ𝑖
𝜉
( ⁄𝜂) (2 ⁄𝑀 − 1). As a result,

the energy efficiency as a function of spectral efficiency of the adaptive WBAN
system in the 2I2O configuration can be found by applying (6.38) to (6.1) and (6.5)
Γ𝑖

𝐸𝑖,2I2O (Γ𝑖 ) =
6.4

𝑃 + 𝜗𝐵Γ𝑖 𝑁𝑜 𝜉
+
( ⁄𝜂 )
𝐵Γ𝑖
𝐺

(2𝑀 − 1)
Γ𝑖

(6.39)

Numerical Results

In this section, a numerical evaluation is provided to assess how well the proposed
adaptive WBAN system performs in terms of energy efficiency. As stated before, the
energy efficiency is measured by the energy consumption per bit, in (J/bit), on a
frame-to-frame basis, either for transmission energy only or the total energy
consumption of the system. This energy consumption per bit is frame independent,
i.e. not depending on the frame size (c.f. Section 6.2.3). Accordingly, higher energy
consumption per bit means a less energy-efficient system.
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The system uses a 528 MHz MB-OFDM UWB bandwidth [29]. The spectral
efficiencies of Set-1, Set-2, and Set-3 are 3 bps/Hz, 2 bps/Hz, and 1 bps/Hz,
respectively (cf. Section 5.3.3 of Chapter 5). The maximum distance between a hub
placed on the torso and a WAP is 5 m. The movement of body directions changes the
hub’s transceiver direction towards the WAP, resulting in different fading channels. It
is assumed that a perfect channel state estimation is available at the receiver, and
channel coefficients are assumed to be constant during the transmission of each STFC
block, but random between consecutive STFC blocks [30], [56]. The path loss model
and parameters are based on the IEEE’s CM3 and CM4 UWB WBAN models, i.e.
log-normal shadowing [13]. The other parameters are listed in Table 6.1 and quoted
from the approaches found in [88-89] and in [117] for the sake of illustration and
performance comparison between the adaptive WBAN and the non-adaptive one.
Table 6.1 Numerical Parameters
Parameter

Value

𝜗 constant

10-11

Rate-independent power

80 mW

PAPR

1

Drain efficiency of PA

0.35

Target SER

10-3

It is assumed that the 2I2O adaptive WBAN transceiver has double the circuitry
of the 2I1O one. As a consequence, given the transceiver has the same structure, the
circuitry power consumption in 2I2O also doubles compared to that in 2I1O. As
mentioned earlier in Section 6.2, the rate-dependent power is modelled as a linear
function of the rate, i.e., 𝑃(𝑅𝑖 )~𝜗𝑅𝑖 . Note that the rate is equal to the spectral
efficiency of the adaptive WBAN system multiplied by the bandwidth. As a result,
the circuitry power consumption increases linearly with the spectral efficiency.
First, we evaluate the transmission power of the each adaptive schemes used in
the adaptive WBAN system. Powers measured in terms of transmission energy per
bit at the power amplifier (PA) of each adaptive scheme as a function of the distance
in 2I1O and 2I2O are depicted in Figure 6.1 and Figure 6.2, respectively (refer to the
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Figure 6.1 Transmission energy per bit of each adaptive scheme as a function of
distance between the hub and the WAP in the 2I1O configuration.

Figure 6.2 Transmission energy per bit of each adaptive schemes as a function of
distance between the hub and the WAP in the 2I2O configuration.
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second part of Eqs. (6.16), (6.19), (6.23), and (6.26)). The dash-dot magenta line is
the power emitted by the PA in Set-1 mode, while the dash blue line and the solid red
line are for Set-2 mode and Set-3 mode, respectively. It can be seen, that in both
MIMO configurations, the power consumption of the PA increases substantially with
the distance. However, the lower the rate (Set-3 has the lowest rate), the less the
PA’s power consumption. Up to the distance of 1 m, the power consumed in PA is
insignificant, the PA power consumption starts to increase quickly afterward.
Clearly, the impact of spectral efficiency on the PA power consumption is very
substantial, particularly at larger distances. For example, at the distance of 4 m, the
difference between the PA power consumption of Set-1 is 133% larger than that of
Set-3 in the 2I1O configuration, and 47% larger in the 2I2O configuration,
respectively. By comparing Figure 6.1 and Figure 6.2, the PA power required to
achieve the same target SER in the 2I1O adaptive WBAN is considerably higher than
that in 2I2O.
Table 6.2 compares the transmission energy consumption per bit in the 2I1O and
2I2O configuration, at distance 2 and 4 meter, respectively. For instance, at the
distance of 4 m, the PA power consumption per bit in 2I1O is up to 382% (5.8 dB)
higher than in 2I2O. This means the adaptive WBAN system with a 2I2O
configuration is more energy-efficient in terms of transmission power required to
achieve the same target SER, compared to the 2I1O one. This is because in the
orthogonal MIMO system, the diversity order is equal to 𝑀 × 𝑁, and the array gain
is 𝑁 [56], [68]. Thus, the 2I2O has a diversity order of 4 and array gain of 2, while
Table 6.2 Transmission energy consumption per bit (J/bit) for different adaptive sets
2I1O configuration

2I2O configuration

Adaptive Set-𝑖
𝑑=2m

𝑑=4m

𝑑=2m

𝑑=4m

Set-1

1.03 × 10−10 8.19 × 10−10 2.69 × 10−11 2.14 × 10−10

Set-2

6.62 × 10−11 5.27 × 10−10 2.20 × 10−11 1.76 × 10−10

Set-3

4.41 × 10−11 3.51 × 10−10 1.83 × 10−11 1.46 × 10−10
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Figure 6.3 Comparison of energy efficiency as a function of distance between the
non-adaptive and the adaptive WBAN systems in 2I1O.
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Figure 6.4 Comparison of energy efficiency as a function of distance between the
non-adaptive and the adaptive WBAN systems in 2I2O.
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the 2I1O has a diversity order of 2 and no array gain. A higher diversity order means
a better capability to mitigate the fading and improve the link reliability, while
having an array gain results in a smaller SNR required to obtain the desired SER.
The combined impact of these higher diversity order and array gain result in
considerably less energy to transmit signals in the 2I2O adaptive WBAN system to
achieve the same target SER, as the 2I1O one.
Note that Figures 6.1 and Figure 6.2 just compare the transmission power
consumption between the three adaptive schemes used in the adaptive WBAN
systems. Due to a small distance between the hub and the WAP in typical WBAN
implementations, beside the transmission power, the circuitry power consumption
also plays an important role in the total power consumption. Thus, it would be more
comprehensive to compare the energy efficiency of those systems from the total
energy consumption perspective.
Figures 6.3 and 6.4 present the total energy consumption per bit, which include
both transmission and circuitry power consumptions, as a function of distance of the
adaptive WBAN compared to the non-adaptive one in the 2I1O and 2I2O
configurations, respectively. It can be seen that the adaptive WBAN system
outperforms the non-adaptive one in terms of energy efficiency in both MIMO
configurations for the distance between hub and WAP greater than 1 m. The larger
the propagation distance, the larger the difference is between the energy consumption
per bit in the two configurations.
Table 6.3 Energy efficiency of the adaptive WBAN system as compared with the
non-adaptive WBAN system (measured in total energy consumption per bit (J/bit))
2I1O configuration

2I2O configuration

Scheme
𝑑=3m
Adaptive WBAN

𝑑=5m

𝑑=3m

𝑑=5m

2.2 × 10−8 1.0 × 10−7 3.7 × 10−9 1.56 × 10−8

Non-adaptive WBAN 2.6 × 10−8 1.2 × 10−7 4.2 × 10−9 1.82 × 10−8
Table 6.3 compares the energy efficiency of both WBAN systems, at specific
distances. For example, to obtain the same target SER at the distance of 3 m, the
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2I1O adaptive WBAN system consumes 15.3% less energy per bit than the nonadaptive WBAN system, and it is 16.7% less energy at the distance of 5 m.
Meanwhile, the 2I2O adaptive WBAN system consumes 11.9% less energy per bit at
the distance of 3 m than the non-adaptive WBAN and 14.3% less energy per bit at
the distance of 5 m than the non-adaptive WBAN, respectively.
Table 6.3 also shows a substantial energy saving by the 2I2O configuration,
compared to the 2I1O. It can be observed that the 2I2O adaptive WBAN system is
superior by 7.8 dB compared to the 2I1O one in terms of energy efficiency, despite
of the fact that the 2I2O consumes twice power in its circuitry compared to the 2I1O.
When energy consumption in both circuitry and PA are considered, the 2I2O
adaptive WBAN system consumes around 600% or 7.8 dB less energy per bit
compared to the 2I1O one. It is a huge energy saving, given the fact that the system
employs a very high data rate. This fact illustrates clearly the advantages of having a
2I2O MIMO employed in the adaptive WBAN system as elaborated earlier.
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Figure 6.5 Energy efficiency as a function of spectral efficiency in the adaptive
WBAN system for two different MIMO configurations at d = 4m.
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Figure 6.5 shows the relation between energy consumption per bit and spectral
efficiency of the adaptive WBAN system with 2I1O and 2I2O configurations at the
fixed distance d = 4m. It is important to note that the spectral efficiency range, for
both MIMO configurations shown in this figure, are within Shannon’s capacity limit,
as calculated by Eq. (6.34) and Eq. (6.31). At very low spectral efficiency (i.e., close
to zero), the energy consumption is roughly equal to the total energy dissipated in the
circuitry, because the transmission power is very low at a very low bit rate. At this
point, the energy consumption per bit is initially high (since the bit rate is very low
(close to zero), refer to Eq. (6.1)). As the spectral efficiency increases up to 2 bps/Hz,
the energy consumption per bit of both MIMO configurations decreases substantially
as the bit rate goes up. In fact, the transmission energy starts to pick up at this
spectral efficiency range. But, the energy consumed in the circuitry still dominates
the transmission energy due to the small distance between the hub and the external
WAP. As a result of the double circuitry of the 2I2O configuration compared to the
2I1O one, it is obvious that the 2I2O configuration consumes more energy per bit in
this low spectral efficiency region, hence possessing a lower energy efficiency
compared to the 2I1O one.
From the spectral efficiency of 2 bps/Hz onward, the energy consumption per bit in
the 2I1O configuration increases much more rapidly than 2I2O. In other words, the
energy efficiency of the former decreases faster than that in the latter. At least three
factors contribute to this phenomenon, namely the increase of the transmission
energy consumption, the diversity order, and the array gain. First, the dominance of
energy consumption in circuitry diminishes and the transmission energy consumption
rises. Increasing spectral efficiency means more transmission power is required. The
higher the spectral efficiency is, the higher the energy consumption per bit is
(therefore lower energy efficiency). Further, the diversity order and array gain have
significant impacts on the system. As mentioned previously, the 2I2O configuration
possesses a higher diversity order than the 2I1O configuration, which means it has a
better capability to mitigate the fading and improve the link reliability. In addition,
the array gain of the 2I2O configuration results in a smaller SNR required to obtain a
desired SER. The combined impact of these two factors results in a considerably less
energy needed to transmit the signals. This phenomenon can be seen in Figure 6.5,
where the energy consumption per bit in the 2I1O configuration increases in much
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faster pace compared to that in the 2I2O configuration when the spectral efficiency
increases. Meanwhile, spectral efficiency only slowly increases the energy
consumption per bit in 2I2O. In fact, the energy consumption per bit in this case is
relatively flat from the spectral efficiency of 2 bps/Hz to 12 bps/Hz. Thus, the 2I2O
adaptive WBAN system delivers a much better energy efficiency compared to the
2I1O one. These facts also suggest that employing higher rate STFC code (to obtain
a higher spectral efficiency or capacity) in the 2I2O adaptive WBAN system is
possible without suffering from very high energy consumption.
6.5

Conclusions

The proposed adaptive WBAN system as described fully in the Chapter 5 shows a
better bit error performance compared to the non-adaptive one. However, analysis
and maximization of the energy efficiency as one of the key design considerations of
the WBAN remain an open problem. Therefore, this chapter investigates the energy
efficiency of the proposed adaptive WBAN system by considering both the
transmission power and the power consumed in the circuitry. The energy efficiency
of the proposed adaptive WBAN system is compared to the non-adaptive one
working in the same WBAN environment and scenario. The circuitry power consists
of rate-independent and rate-dependent components. Since the distance between the
hub and the wireless access point in WBAN is relatively short, beside the
transmission power, the circuitry power also plays an important role.
The adaptive WBAN is evaluated in two different MIMO configurations, namely
2I1O and 2I2O. It is found that the adaptive WBAN system substantially
outperforms the non-adaptive one in terms of energy efficiency in both 2I1O and
2I2O configurations. Furthermore, the 2I2O adaptive WBAN system is 7.8 dB
superior to the 2I1O in terms of energy efficiency. This is because the 2I2O
configuration has a higher diversity order and a better array gain compared to the
2I1O configuration, thus the former has better capability to mitigate fading and
improve the link reliability. Furthermore, as investigated in [109-111] and Chapter 5,
the adaptive WBAN system is also superior to the non-adaptive one in terms of bit
error rate performance. This better energy efficiency coupled with the improved BER
performance indicates that the proposed adaptive WBAN scheme is an attractive
physical layer of WBAN applications.
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CHAPTER 7

CONCLUSIONS

This thesis investigates a high speed WBAN physical layer as one of platforms for
the future WBAN applications. Due to the shortcomings of the current IR-UWB
based WBAN standard, as has been outlined in Chapter 2, we proposed a WBAN
physical layer based on MB-OFDM UWB technology in combination with MIMO
techniques, referred as STFC MB-OFDM UWB WBAN. Several aspects of WBAN
design parameters has been taken into considerations, i.e. high speed/capacity, link
reliability or robustness, energy efficiency of the system, and simplicity in the system
realization. The proposed high speed WBAN system has been developed gradually
and has been modified consecutively in order to improve the system performance in
terms of bit error rate and energy efficiency. These gradual system developments are
presented consecutively from Chapter 3 to Chapter 6.
This chapter summarizes the main system characteristics and highlights the
important results from the system evaluations, by bringing together the conclusions
of each chapter as mentioned previously.
7.1

Conclusions

Literature reviews in Chapter 2 provided us with in-depth insight about WBAN
systems and research activities in this area, resulting in the identification of the open
research problems and its possible solutions. There were hardly research activities
available on the literature to address the need of a higher speed WBAN system than
the existing IR-UWB WBAN standard, as it is necessary to support the deployment
of a larger number of WBAN sensors and to cope with the foreseeable future
bandwidth-hungry applications. As a result, the STFC MB-OFDM UWB with 2 × 1
(2I1O) and 2 × 2 (2I2O) MIMO configurations has been chosen and proposed as
WBAN physical layer. Henceforth, we developed the system further into the
adaptive WBAN system.
The system performance of the proposed STFC MB-OFDM UWB system over
the IEEE’s CM3 and CM4 UWB WBAN channels has been studied in Chapter 3.
The system employed the Alamouti scheme as the STFC code. The 2I1O and 2I2O
MIMO configurations and different M-PSK modulations were used for comparative
evaluations, in order to assess which MIMO configuration and modulation order
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performed better. The effect of body directions toward a fixed external transceiver
was also evaluated by simulations. The system performance evaluations confirmed,
that the proposed WBAN system achieved significantly better BER performances in
both 2I1O and 2I2O configurations, than the conventional (SISO) MB-OFDM UWB
system. It was due to the spatial diversity introduced by MIMO into the MB-OFDM
UWB system. It was also shown that lower density M-PSK modulations achieve
better performance within the same MIMO configuration. Moreover, although the
body directions substantially influenced the performance due to the effects of body
shadowing, the proposed system was still more robust, compared to the conventional
MB-OFDM one.
One important observation from these results was the system BER performance
differs significantly in different body directions, i.e. the direction of the receiver
placed on the surface of the body with respect to (w.r.t) the fixed external
transceiver. This observation inspired us to develop the adaptive modulation and
STFC coding schemes in order to improve the system performance, and/or
improving its energy efficiency.
Chapter 4 has proposed and examined a simple adaptive STFCMB-OFDM UWB
WBAN system. The novelty of this proposal was the body direction based adaptive
algorithm. This algorithm worked on the selection of the combination of digital
modulation schemes (BPSK, QPSK), transmission powers, and STFC coding rates
associated with the body direction with respect to (w.r.t.) the external transceiver.
The adaption is based on the measured angles of the body w.r.t. the external
transceiver and a simple feedback mechanism. It has been confirmed through
simulation, that the simple adaptive WBAN system achieve modest improvements (1
- 3 dB) in both 2I1O and 2I2O configurations, compared to the non-adaptive system.
The improvement practically means a possible reduction of the energy consumption
in the system, to achieve the similar performance as the non-adaptive system.
However, due to the stricter link reliability and energy efficiency requirements of a
WBAN implementation, it was necessary to improve the adaptive schemes in order
to enhance the system performance further. This fact leaded us to the development of
the BER-based adaptive WBAN scheme in our consecutive works.
Chapter 5 has investigated a novel optimized BER-based adaptive WBAN
system. The proposed adaptive WBAN included frame transmission model, BER 126

based adaptive algorithm, and the optimization of its adaptive parameters, i.e., 𝑓 and
𝜀 factors. 𝑓-factor represented the portion or position at the frame where the BER is
measured and the adaptive scheme is updated. 𝜀-factor represents the distance
between the upper and lower thresholds of the BER metric (as the benchmark for the
measured BER to trigger the adaptation). The performances evaluations of adaptive
system was comparatively evaluated over the interpolated CM4 UWB WBAN
channel, which was developed as an extension of the existing IEEE’s CM4 UWB
WBAN channel model through mathematical interpolation (c.f. Appendix A), due to
unavailability of the realistic CM4 UWB WBAN with finer resolution. This
interpolated channel model is necessary, because it is able to characterize better
channel fading behaviors in any possible direction with 10 resolution, than the
original 900 resolution the IEEE’s CM4 UWB channel model. It is worth to note,
that while the particular outcome of this comparative performance investigation
achieved by this proposed channel model might vary, should a more realistic CM4
UWB WBAN channel model becomes available, the overall idea of the proposed
adaptive WBAN system in Chapter 5 could be still valid.
This investigation confirmed that the proposed BER-based adaptive WBAN
system significantly improves the system performance by up to 4 dB, compared to
the non-adaptive one. By optimizing its adaptive parameters (𝑓 and 𝜀 factors), a 2 dB
further gain could be achieved, resulting in an overall improvement of up to 6 dB
over the non-adaptive one. This improvement is equivalent to a substantial reduction
of the energy consumption in that system by up to 75% compared to the nonadaptive WBAN system. The improvements provide critical power reduction to
WBAN devices, thus is potential to significantly extending the battery life and at the
same time enhancing the reliability of WBAN services.
The energy efficiency issue in a WBAN plays a pivotal role in the network design
considerations. Thus, Chapter 6 has dedicated to investigate the energy efficiency of
the proposed optimized adaptive BER-based WBAN system. In this energy
efficiency investigation, the total energy consumption, including energy consumption
in the circuitry and the transmission power of the RF part (power amplifier),was
analyzed, given a satisfactory level of performance is maintained. Since the distance
between the hub and the wireless access point in WBAN is short, the circuitry energy
consumption is comparable to the transmission power. Therefore, the circuitry power
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plays an important role in this energy efficiency analysis. The energy efficiency of
the proposed adaptive WBAN system was compared to the non-adaptive one
working in the same WBAN environment and scenario. It was found that the
optimized adaptive WBAN system substantially outperformed the non-adaptive one
in terms of energy efficiency in both 2I1O and 2I2O configurations. Furthermore, the
2I2O adaptive WBAN system was 7.8 dB superior to the 2I1O in terms of energy
efficiency. This was because the 2I2O configuration has a higher diversity order and
an array gain compared to the 2I1O configuration, thus the former has better
capability to mitigate fading and improve the link reliability. This better energy
efficiency coupled with the improved BER performance, as mentioned previously,
demonstrated that the proposed adaptive WBAN scheme is an attractive physical
layer for WBAN applications. These features are vital for enhancing a WBAN
network’s lifetime while maintaining a good level of service quality.
7.2

Recommendations for Future Works

This thesis has been investigated an adaptive WBAN system based on the STFC
MB-OFDM UWB technology, as a platform for the future high speed WBAN
applications. While the outcomes of this investigation were substantially attractive,
given the specific approaches used in this study, several issues remain open for
possible future research. Those include the following suggestions.


With the advent of advance MIMO techniques such as massive MIMO, there
exist possibilities to apply larger size of MIMO for WBAN applications,
instead of 2 × 2 MIMO, particularly in the CM4 UWB WBAN channel
(body-to-external links). Applying larger MIMO size open up the utilization
of higher order STFC code, leads to possibly achieving higher capacity,
compared to the provision by the Alamouti code, while preserving the full
diversity order as the Alamouti code. However, the complexity may increase
considerably and may become a major impediment in the systems.



The measurement campaigns to cross check and validate the interpolated CM4
UWB WBAN channel model could be conducted to provide a more solid basis
for WBAN implementation purpose.



In this thesis, we only consider QPSK and BPSK as the modulation schemes
for the STFC MB-OFDM UWB WBAN system. The Dual Carrier Modulation
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(DCM) and Modified DCM (MDCM) as two of the standard modulations
specified by WiMedia may be employed to exploit higher data rate of the
proposed system. Nevertheless, the higher complexity of DCM and MDCM
may become a crucial limitation with regard to WBAN system
implementation.


In the adaptive algorithm, we only use three possible power levels for power
control. These power levels were pre-determined specifically. Although this
approaches were proved resulting in the significant improvements, the soft
power control approaches which control the gradual increase or decrease the
power level, may be utilized in the adaptive scheme. Furthermore, to broader
the adaptive system and to possibly achieve more comprehensive results,
channel coding rate variation can be incorporated into the adaptive scheme.
With the modulation order and STFC code rate, it can be used to adjust the
spectral efficiency.



The optimization of the adaptive system only considered two adaptive
parameters, i.e. 𝑓 and 𝜀 factors. Other entities such as delay parameter and
effective SNIR approach (commonly used in the cellular system) could be
included as dependent factors for optimization in order to obtain broader
results, at the price of possible increase in the system complexity. Due to the
nature of WBAN requiring as low complexity as possible, this consequence
needs to be taken into consideration carefully.



The comparison between IR-UWB and MB-OFDM UWB approaches for the
WBAN physical layer in terms of data rate, spectrum flexibility, hardware
complexity, performance and energy efficiency may be conducted to obtain
which UWB technology offers better option, particularly for a specific WBAN
application.
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APPENDIX A
INTERPOLATED CM4 UWB WBAN CHANNEL
MODEL
A.1 Introduction
As mentioned in Section 2.2.4.4, the CM4 UWB WBAN channel model only
applies to four different body directions with a 900 resolution. Thus, it provides a
coarse characterization of channel fading behaviors in any body direction. Up to the
time of this writing, the CM4 UWB WBAN channel with finer grained resolution
(e.g. with 10 resolution) to evaluate the BER-based adaptive WBAN system is not
available in the literature. In order to obtain a refined, more comprehensive and
flexible channel model, in this appendix, we modify the CM4 UWB WBAN channel
model by means of mathematical interpolation. This mathematically interpolated
CM4 UWB WBAN channel model results in a 10 resolution, compared to the
original

900 resolution. This 10 resolution CM4 channel model is needed to

characterize a fine grained CM4 fading channel with respect to the body movement
in WBAN scenarios. The characteristics of the interpolated CM4 channel model has
been analyzed by their Power Delay Profile (PDP) and through comparative
performance evaluations via simulations. This extended CM4 channel model is used
to evaluate the performance of the proposed BER-based adaptive WBAN systems. It
was also implemented as the channel model in our publications [109], [110] and
[111]. A MATLAB code for the interpolated CM4 UWB WBAN channel model
realization is included in Appendix B of this thesis.
A.2 The PDP Characteristics of the IEEE CM4 UWB WBAN Channel Model
Realizations of the CM4 UWB WBAN model were provided by the MATLAB
code of the appendix of the IEEE P802.15-08-0780-12-0006 document [13]. Their
PDP characteristics are depicted in Figures A.1, A.2, A.3 and A.4 for the body
directions 00 , 900 , 1800 and 2700 , respectively. These PDP were examined as the
relative power of the multipath signals arriving at different time delays. These
relative powers were calculated from the square absolute of the amplitude of the
channel responses of each body direction. In each figure, the number of multipath
signals
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Figure A.1 Power delay profile of the original CM4 at body direction BD = 00 and
number of multipath L = 438.
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Figure A.2 Power delay profile of the original CM4 at BD = 900 and L = 406.
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Figure A.3 Power delay profile of the original CM4 at BD = 1800 and L = 425.
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Figure A.4 Power delay profile of the original CM4 at BD = 2700 and L = 407.
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generated in each body direction was calculated and they are around 400 multipath
components (similar to the average number of multipath signals 𝐿̅ = 400 used in this
channel model). Figure A.1 shows that at 00 direction, the power level at time arrival
𝜏𝑚 = 0 ns is at the highest, which is dominating the cluster of the multipath signals
due to the LOS component of the signal. Figure A.2 shows an attenuated LOS
component (-8.76 dB at 𝜏𝑚 = 0 ns) at the 900 direction, which is due to a partial
LOS component arrived at the side of the body. At the 1800 direction (the back of
the body), the LOS component still exists though its power level (at -12.14 dB) is
significantly attenuated, as shown in Figure A.3. Intuitively, at this 1800 direction,
the LOS component of the signal should vanish completely due to the body
shadowing. However, this CM4 UWB WBAN channel realization model showed
otherwise, and a residual LOS component still existed. One of possible explanations
is that the body did not wholly attenuate the incoming LOS signal, allowing that
residual LOS component to appear at the back side of the body (a human body is also
a propagation medium or environment). Note that in both 90o and 180o directions,
clusters of multipath components dominate the PDP. This is because the NLOS
signals were dominant at those directions.
It is interesting to note that the worst link is the 2700 body direction, rather than
1800 body direction. In addition, the PDP of the 2700 body direction is not the
same with that of the 900 body direction as shown in Figures A.4 and A.2. Despite
the fact that, intuitively these situations are similar and merely depend on our choice
of coordinate system. Unfortunately there is no explanation for this phenomenon in
[13], however, it might possibly be due to the differences of the propagation
environments in the 2700 and 900 body directions during the measurement
campaign, resulting in different channel behaviors at those body directions.
A.3 Interpolation of CM4 UWB WBAN Channel
A.3.1 Mathematical Model
It is important to have a channel model that is capable of characterizing the
channel fading behaviors in any possible direction in order to get a more refined
performance assessment. Therefore, we extend the original CM4 UWB WBAN
model (90° resolution) into a so-called interpolated CM4 UWB WBAN channel
model (1° resolution). This interpolated channel model is intended for the evaluation
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of the comparative performances of the proposed adaptive WBAN system in
comparison with the non-adaptive one. Thus, it is worth to note, that while a
particular outcome of our comparative performance evaluation achieved via this
interpolated channel might vary should a different 10 resolution channel model be
used, the overall idea of the proposed adaptive WBAN scheme could still be valid for
other channel models.
Note that the logarithmic value of |𝛼𝑚 |2 of Eq. (2.3), i.e. log(|𝛼𝑚 |2 ), is a linear
function of 𝑘 and log(𝛽) (hence also a linear function of 𝜎). For simplicity, we also
applied linear interpolation to Γ. Therefore, we have linearly interpolated these
parameters to generate the interpolated CM4 UWB WBAN channel.

Figure A.5 Proposed interpolated CM4 UWB WBAN channel model.
The proposed interpolated channel is determined by a factor of (

𝑏−𝑞
90

) , where 𝑏 is

the actual body direction, and 𝑞 ∈ {00 , 900 , 1800 , 2700 }. Three parameters, namely
the exponential decay factor Γ, K-factor of NLOS paths 𝑘, and standard deviation 𝜎,
will be interpolated. We define a two dimensional body direction plane, which is
divided into four quadrants as in Figure A.5. The quadrant I represents the body
directions from 00 to 900 . The quadrant II characterizes the body directions from
900 to 1800 . Similarly, the quadrants III and IV represent the body directions from
1800 to 2700 , and from 2700 to 3600 , respectively.
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Let us denote Γ𝑏 , 𝑘𝑏 , 𝜎𝑏 as the exponential decay factor, K-factor of NLOS paths,
and standard deviation of any single body direction with 10 resolution, respectively.
Further, we denote Γ𝑞 , 𝑘𝑞 , and 𝜎𝑞 as the original exponential decay factor, K-factor 𝑘,
and standard deviation of the 𝑞 body direction (𝑞 ∈ {00 , 900 , 1800 , 2700 }) as defined
in Table 2.5, respectively. Hence, in the quadrant I, we have the following relations
𝑏
)
90
𝑏
𝑘𝑏 = 𝑘0 + (𝑘90 − 𝑘0 ) × ( ) for 0O ≤ b ≤ 90O
90
𝑏
𝜎𝑏 = 𝜎0 + (𝜎90 − 𝜎0 ) × ( ) }
90
Γ𝑏 = Γ0 + (Γ90 − Γ0 ) × (

(A. 1)

In the quadrant II, we have the following interpolation
𝑏 − 90
)
90
𝑏 − 90
𝑘𝑏 = 𝑘90 + (𝑘180 − 𝑘90 ) × (
) for 90O ≤ b ≤ 180O
90
𝑏 − 90
𝜎𝑏 = 𝜎90 + (𝜎180 − 𝜎90 ) × (
)
90 }
Γ𝑏 = Γ90 + (Γ180 − Γ90 ) × (

(A. 2)

In the quadrant III, the following interpolations are applied
𝑏 − 180
)
90
𝑏 − 180
𝑘𝑏 = 𝑘180 + (𝑘270 − 𝑘180 ) × (
) for 180O ≤ b ≤ 270O
90
𝑏 − 180
𝜎𝑏 = 𝜎180 + (𝜎270 − 𝜎180 ) × (
)}
90
Γ𝑏 = Γ180 + (Γ270 − Γ180 ) × (

(A. 3)

The quadrant IV, the following equations are applied
𝑏 − 270
)
90
𝑏 − 270
𝑘𝑏 = 𝑘270 + (𝑘0 − 𝑘270 ) × (
) for 270O ≤ b ≤ 360O
90
𝑏 − 270
𝜎𝑏 = 𝜎270 + (𝜎0 − 𝜎270 ) × (
)}
90
Γ𝑏 = Γ270 + (Γ0 − Γ270 ) × (

(A. 4)

This interpolation will produce approximate propagation characteristics of the CM4
UWB WBAN channel for every single body direction.
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Figure A.6 Power delay profile of the interpolated CM4 at BD = 1o and L = 428.
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Figure A.7 Power delay profile of the interpolated CM4 at BD = 91o and L = 420.
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Figure A.8 Power delay profile of the interpolated CM4 at BD = 181o and L = 402.
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Figure A.9 Power delay profile of the interpolated CM4 at BD = 271o and L = 398.
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The PDP characteristics of this interpolated CM4 UWB WBAN channel were
generated by a MATLAB programming code (cf. Appendix A) and are described in
Figures A.6 to A.9. We intentionally show the PDP of the corresponding body
directions of the original CM4 UWB WBAN channel as presented in Figures A.1 to
A.4, plus 10 (Figures A.6 to A.9). This was done so, to show that the interpolated
CM4 UWB WBAN channel was able to produce 10 resolution channel, in addition to
the assumption that shifting 10 angle of direction would not change the channel
characteristic significantly. The Figures A.6 to A.9 resemble the PDP characteristics
of the original CM4 UWB WBAN channel (cf. Figures A.1 to A.4) mentioned above,
with minor variations. These facts gave us a basis to infer that the interpolated CM4
UWB WBAN channel model is a good extension of the original CM4 UWB WBAN
channel model. In addition, to give examples that this interpolated CM4 UWB
WBAN channel model work for any random body directions, Figures A.10 to A.13
show PDP characteristics for 450 , 1350 , 2250 and 3150 body directions,
respectively.
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Figure A.10 Power delay profile of the interpolated CM4 at BD = 45o.
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Figure A.11 Power delay profile of the interpolated CM4 at BD = 135o.
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Figure A.12 Power delay profile of the interpolated CM4 at BD = 225o.
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Figure A.13 Power delay profile of the interpolated CM4 at BD = 315o.
The average number of multipath components 𝐿̅ generated by this interpolated
CM4 UWB WBAN channel model was averaged over 360° with 1° step (or in other
words, for every single body direction). It was found that 𝐿̅ = 400.443. This figure
shows that its average number of multipath is similar to that of the original CM4
UWB WBAN channel model (𝐿̅ = 400). This fact amplifies the conclusion above
that the interpolated CM4 UWB WBAN channel model is a good extension of the
original one.
A.3.2 Evaluation of the Interpolated CM4 UWB WBAN Channel
In order to examine further this interpolated CM4 UWB WBAN channel model,
comparative performance simulations were conducted by employing this channel
model. The body direction model can be seen in Figure A.5. The simulations
employed the same MB-OFDM UWB WBAN system with a QPSK modulation
scheme and a 2I1O MIMO configuration for all four quadrants. Body directions in
each quadrant were randomly selected. Our evaluations used a BER metric to
comparatively assess the change of the channel behavior associated with the angle of
body direction.
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Figure A.14 The performance degradation due to the degradation of the fading
channel for random body directions in the quadrant I.

Figure A.15 The performance degradation due to the degradation of the fading
channel for random body directions in the quadrant II.
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Figure A.16 The performance degradation due to the degradation of the fading
channel for random body directions in the quadrant III.

Figure A.17 The performance degradation due to the degradation of the fading
channel for random body directions in the quadrant IV
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As mentioned earlier, according to the original CM4 UWB WBAN channel
model, the best link occurs in 0° (LOS), then 90°, 180°, and the worst link is 270°.
Intuitively, the channel fading will sequentially degrade when the angle of body
direction gradually increases from 0° - 90° (Quadrant I), from 90° - 180° (Quadrant
II), from 180° - 270° (Quadrant III), and from 360° - 270° (Quadrant IV). This
sequential degradation of the fading channel should be consistent with any step of the
gradual increase of the body direction angle. The simulation results demonstrates that
all conditions and hypothesis above were fulfilled as shown in Figures A.14 to A.17
for the quadrant I, II, III, IV, respectively. For example, Figure A.14 shows the
sequential performance degradation when the angle of body direction changes from
0°, 25°, 45°, 63°, to 90°. This is also true for a 1° step of gradual change of the angle
of body direction. The same results are also consistently produced in the other three
quadrants. Thus, we conclude that the interpolated channel model is sufficient for the
comparative performance evaluation purpose, for any degree with a 1° resolution.
A.4 Conclusions
In this appendix, we have developed an interpolated CM4 UWB WBAN channel
model, as an extension of the original IEEE’s CM4 UWB WBAN channel [13]. It is
done because of unavailability of this channel model with finer resolution, and it is a
reasonable approach to get the best of what has been provided by the IEEE. The
proposed channel model is designed to characterize the channel fading behaviors in
any possible direction with a 10 resolution, compared to the original 900 resolution,
in order to get a more refined system performance assessment. The interpolated CM4
UWB WBAN channel model (for a comparative evaluations purposes) has been
examined through the comparative analysis of their PDP characteristics with regard
to their corresponding body directions, compared to the original CM4 UWB WBAN
channel model, and through comparative performance evaluations for any random
body directions in every quadrant. Simulation results show that this model produces
good channel characteristics for any body direction, with a 10 resolution.
It is worth to note, that while the particular outcome of this comparative
performance investigation achieved by this proposed channel model might vary
should a more realistic channel model become available, the overall idea of the
proposed BER-based adaptive WBAN system could still be valid for other channel
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models. In addition, we can tune the adaptive schemes using a more realistic channel
model when it becomes available.
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APPENDIX B
MATLAB Code for Interpolated CM4 UWB WBAN Channel Realization
function [h, t, n_p] = uwb_hospban_chan_CM4_interp_1(num_channels,
bd)
% Function for getting channel realizations for UWB Hospital BAN
channelCM4, By Igor Dotlic (dotlic@nict.go.jp) March 2009.
%MODIFIED BY MIFTADI SUDJAI, DEC 2012, for LINEAR INTERPOLATION
%of ANY BODY DIRECTION
% Input variables:
% num_channels - number of channel realizations
% bd - body_direction in degree, rounded up to the nearest
integer.
% Output variables:
% h - comlex multipath amplitude responses
% t - times of multipath arrivals (ns)
% n_p - number of paths for each channel realization
% Fixed model parameters
L_mean = 400; % mean number of arrival paths
lambda_inv= 0.50125; % mean time between arrivals (ns)
% Model parameters that depend on body direction
%bd1
Gamma_0 = 44.6346;% (ns)
Gamma_360=Gamma_0;
k_abs_0 = 5.111739;
k_abs_360=k_abs_0;
sigma_0 = 7.30;
sigma_360 =sigma_0 ;
%bd2
Gamma_90 = 54.2868; % (ns)
k_abs_90 = 4.348859975;
sigma_90 = 7.08;
%bd3
Gamma_180 = 53.4186; % (ns)
k_abs_180 = 3.638084447;
sigma_180 = 7.03;
%bd4
Gamma_270 = 83.9635; % (ns)
k_abs_270 = 3.983472211;
sigma_270 = 7.19;
%% LINEAR INTERPOLATION for ANY BODY DIRECTION
%Interpolation is done to obtain 1 deg. resolution.
%The input of body direction should be rounded up to the nearest
integer!
if bd>=0 && bd<=90
Gamma = Gamma_0 + (Gamma_90 - Gamma_0)*(bd/90); % (ns)
k_abs = k_abs_0 + (k_abs_90 - k_abs_0)*(bd/90);
sigma = sigma_0 + (sigma_90 - sigma_0)*(bd/90);
elseif bd>=91 && bd<=180
Gamma = Gamma_90 + (Gamma_180 - Gamma_90)*((bd-90)/90); % (ns)
k_abs = k_abs_90 + (k_abs_180 - k_abs_90)*((bd-90)/90);
sigma = sigma_90 + (sigma_180 - sigma_90)*((bd-90)/90);
elseif bd>=181 && bd<=270
Gamma = Gamma_180 + (Gamma_270 - Gamma_180)*((bd-180)/90); % (ns)
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k_abs = k_abs_180 + (k_abs_270 - k_abs_180)*((bd-180)/90);
sigma = sigma_180 + (sigma_270 - sigma_180)*((bd-180)/90);
elseif bd>=271 && bd<=360
Gamma = Gamma_270 + (Gamma_0 - Gamma_270)*((bd-270)/90); % (ns)
k_abs = k_abs_270 + (k_abs_0 - k_abs_270)*((bd-270)/90);
sigma = sigma_270 + (sigma_0 - sigma_270)*((bd-270)/90);
end
%%
% Calculating number of paths
n_p = poissrnd(L_mean, 1, num_channels);
for k_chan = 1:num_channels
n_p(k_chan) = max(n_p(k_chan), 1);
end
% Maximum number of paths
n_p_max = max(n_p);
% Allocating memory for channel realizations
h = zeros(n_p_max, num_channels);
t = zeros(n_p_max, num_channels);
% Calculating path arrival times
t_dif = exprnd(lambda_inv, num_channels, n_p_max-1);
for k_chan = 1:num_channels
t(2:n_p(k_chan),k_chan) = cumsum(t_dif(k_chan, 1:n_p(k_chan)-1));
end
% Calculating path levels
for k_chan = 1:num_channels
h(1,k_chan) = exp(i*rand*2*pi)*sqrt(10^(sigma*randn/10));
% Paths 2 onwards
for k_p = 2:n_p(k_chan)
h(k_p, k_chan) = exp(i*rand*2*pi)*...
sqrt(exp(-t(k_p,k_chan)/Gamma-k_abs)*10^(sigma*randn/10));
end
% Normalizing current PDP realization (may be commented out)
h(:,k_chan) = h(:,k_chan)/norm(h(:,k_chan));
end
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APPENDIX C
Proof that A is a Totally Unimodullar Matrix and its ease of
use in Linear Programming
Let we start by briefly summarizing the definition and some important properties
of the Totally Unimodular (TUM) matrix used in Section 5.4 of Chapter 5.
Definition:
A matrix G is totally unimodular if the determinant of every square of submatrix
G has value -1, 0, or 1 [114], [115]. Thus,
𝐆 is TUM ⟺ ∀ square submatrix 𝐆, det(𝐆) ∈ {−1,0,1}

(C. 1)

Proposition 1 [114], [115]: Some properties of the TUM are outline below.
If matrix G is TUM, then
1. Components of G are either: -1, 0, or 1.
Proof: 𝑔𝑖,𝑗 is a component of G and also a submatrix of G, so det(𝑔𝑖,𝑗 ) =
𝑔𝑖,𝑗 ∈ {−1,0,1}.
2. 𝐆𝑇 is also a TUM
Proof: The determinant of a transpose matrix G is not changed, compared to
the determinant of G. Thus, If matrix G is TUM, so do the transpose matrix
𝐆𝑇 .
3. If 𝐆′ is a submatrix of G, then 𝐆′ is also a TUM
Proof: all submatrix of G has determinant of -1, 0, or 1 as defined above, so
𝐆′ is also TUM.
Recall from Eqs. (5.16) and (5.17) that matrix 𝐀 = 𝐈𝑄 ⨂𝟏𝑇9 ∈ {0,1}𝑄×9𝑄 , where 𝐈𝑄
is a 𝑄 × 𝑄 identity matrix , ⨂ denotes the Kronecker product and 𝟏9 is an all one
9 × 1 vector. It is obvious that every element of A has value 0 or 1. It also can be
seen that every determinant of square submatrix of A, det(𝐀′ ) ∈ {−1,0,1}. Thus,
matrix A is a Totally unimodular matrix.
Totally unimodular matrix is popular in the Linear Programming (LP) applications for the following property [113], [114], [115].
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Proposition 2: If max 𝒄𝑇 𝒙: 𝐆𝒙 ≤ 𝐛 is a linear program, where 𝐆 is TUM, and 𝒃 is
integer, then all vertex solutions of the LP is integer. Proof is given as follow [114],
[115].
Denote 𝐯 to be a vertex solution of the LP. The submatrix 𝐆′ is a full rank square
matrix, and 𝐛′ is a submatrix of 𝐛, in which 𝐆′ 𝐯 = 𝐛′ . Thus, 𝐯 = (𝐆′ )−𝟏 𝐛′. By
Cramer’s rule, 𝑣𝑖 = det(𝐆′ 𝑖 )⁄det(𝐆′ ). 𝐆′ 𝑖 is matrix 𝐆′ where the 𝑖-th column is
replaced by 𝐛′ . Given the properties of matrix 𝐆 and 𝐆′ as mentioned above, the 𝑖th component of 𝐯 is provided by
𝑣𝑖 =

det(𝐆′ 𝑖 ) (𝑏1 det(𝐆′1 ) − 𝑏2 det(𝐆′ 2 ) + ⋯ )
=
det(𝐆 ′ )
det(𝐆 ′ )

Since 𝒃 is integer and 𝐆′ is a full rank TUM, thus 𝑣𝑖 is integer.
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(C. 2)
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